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Multiple sclerosis (MS) is the most common demyelinating disease affecting the central 
nervous system. There is no cure for MS and current therapies have limited efficacy. 
While the majority of individuals with MS develop significant clinical disability, a 
subset experiences a disease course with minimal impairment even in the presence of 
significant apparent tissue damage on magnetic resonance imaging (MRI). The current 
studies combined functional MRI and diffusion tensor imaging (DTI) to elucidate brain 
mechanisms associated with lack of clinical disability in patients with MS. Recent 
evidence has implicated cortical reorganization as a mechanism to limit the clinical 
manifestation of the disease.  Functional MRI was used to test the hypothesis that non-
disabled MS patients (Expanded Disability Status Scale ≤ 1.5) show increased 
recruitment of cognitive control regions (dorsolateral prefrontal and anterior cingulate 
cortex) while performing sensory, motor and cognitive tasks. Compared to matched 
healthy controls, patients increased activation of cognitive control brain regions when 
performing non-dominant hand movements and the 2-back working memory task. Using 
dynamic causal modeling, we tested whether increased cognitive control recruitment is 
associated with alterations in connectivity in the working memory functional network. 
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Patients exhibited similar network connectivity to that of control subjects when 
performing working memory tasks. We subsequently investigated the integrity of major 
white matter tracts to assess structural connectivity and its relation to activation and 
functional integration of the cognitive control system. Patients showed substantial 
alterations in callosal, inferior and posterior white matter tracts and less pronounced 
involvement of the corticospinal tracts and superior longitudinal fasciculi (SLF). 
Decreased structural integrity within the right SLF in patients was associated with 
decreased performance, and decreased activation and connectivity of the cognitive 
control system when performing working memory tasks. These studies suggest that 
patient with MS without clinical disability increase cognitive control system recruitment 
across functional domains and rely on preserved functional and structural connectivity of 
brain regions associated with this network. Moreover, the current studies show the 
usefulness of combining brain activation data from functional MRI and structural 
connectivity data from DTI to improve our understanding of brain adaptation 
mechanisms to neurological disease. 
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 INTRODUCTION 
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Multiple Sclerosis  
 
Multiple Sclerosis (MS) is an inflammatory and chronic neurodegenerative disorder 
affecting approximately 400,000 individuals in the U.S. and 2.5 million worldwide. It is the 
most prevalent demyelinating disease affecting the central nervous system (CNS) and a 
leading non-traumatic cause of irreversible disability in young adults. Most MS patients are 
diagnosed between their second and fifth decade of age and median age of onset is 28 years 
(Wingerchuck et al. 2001). MS is characterized by a complex and heterogeneous clinical 
course that can result in a wide range of neurological deficits including motor impairment, 
sensory disturbances, visual loss, and cognitive dysfunction. Patients with MS follow 
different disease courses (Lublin et. al 1996): a) relapsing remitting (RRMS), b) secondary 
progressive (SPMS), c) primary progressive (PPMS), and d) progressive relapsing (PRMS). 
The majority of patients at diagnosis (85%) begin with a RRMS disease course characterized 
by clearly distinct neurologic attacks, or relapses, with complete or partial recovery 
(remissions). Most of these patients (50% after 10 years and approximately 90% after 25 
years) ultimately enter the SPMS course defined by continuous disease progression with or 
without occasional attacks and minor remissions. Approximately 10% of patients at 
diagnosis start with PPMS disease course characterized by disease progression from disease 
onset with occasional plateaus and temporary minor improvements but no discrete relapses 
or remissions. PRMS, affecting approximately 5% of patients, begins with a progressive 
disease course with clear relapses, with full or partial recovery and continuing progression 
between relapses.  
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Magnetic Resonance Imaging in MS  
Magnetic resonance imaging (MRI) has emerged as an important tool in the 
diagnosis and management of MS (McDonald et al. 2001, Polman et al. 2011) and it has 
become an important complementary component to clinical outcomes in MS clinical trials 
(Li et a. 2006). For instance, in patients in whom clinical evidence of MS is not satisfactory 
for diagnosis, detection of MS lesions using MRI can supplement and be sufficient to 
diagnose MS allowing earlier therapeutic intervention (McDonald et al. 2001, Polman et al. 
2011). Nonetheless, the use of MRI as surrogate marker(s) of disease activity is complicated 
by the modest correlation between clinical disability and radiological measures of tissue 
injury, or the so-called clinical-radiological paradox (Barkhof 2002). For instance, patients 
with extensive tissue injury, as seen by MRI, may have mild disability while others with low 
lesion load may be quite impaired. Several factors have been suggested to explain this 
paradox. These factors include the limitations of current clinical disability measures, the fact 
that most studies rely on a single MRI measure (e.g. T2 lesion volume, gadolinium 
enhancement), and ignoring repair mechanisms of the nervous system such as remyelination 
and clearance of inflammatory agents. Moreover, some lesions may be clinically silent while 
others may be more clinically apparent such as those involving the brain stem or the spinal 
cord. Finally, underreporting of symptoms and under recognition of signs may also 
contribute to the clinical-radiological paradox.  
Over the last decade, accumulating evidence shows that patients with MS 
demonstrate altered patterns of cortical activity that may serve as a compensatory 
mechanism and prevent the clinical manifestations of neurological damage (Pantano et al., 
2006; Pelletier et al., 2009; Reddy et al. 2000b). Reorganization of function in areas 
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disrupted by the disease to alternate areas may help patients to preserve function and largely 
explain the clinical-radiological mismatch between tissue injury and functional status. 
Evidence for cortical reorganization comes from multiple motor, visual and cognitive 
studies using functional MRI (fMRI), the dominant technique for non-invasively mapping 
neuronal activity. By detecting changes in blood oxygen levels, fMRI provides information 
about the neural regions activated during the performance of a task while the subject is being 
scanned. MS patients generally show increased and/or additional cortical activation relative 
to healthy control subjects. 
 
Cortical Reorganization in MS  
Altered patterns of cortical activity, or cortical reorganization, in MS was first 
described by Rombouts et al. in a group of patients with RRMS diagnosed with optic 
neuritis (Rombouts et al. 1998). They reported reduced visual cortex activation when both 
the affected and unaffected eyes were visually stimulated. Interestingly, they observed a 
trend of greater activation in recovered patients upon stimulation of either the affected or 
unaffected eye. Werring et al.(2000) investigated patients that completely recovered from 
optic neuritis and found that when stimulating the affected eye, extensive activation was 
seen in areas including the insula, claustrum, thalamus, and the lateral aspect of the temporal 
and posterior parietal cortices, in addition to activation of the visual cortex (Werring et al. 
2000). On the other hand, when the unaffected eye was stimulated, only the visual cortex 
and the insula and claustrum were activated. Interestingly, these authors found a strong 
association between activated extraoccipital cortex volume and visual evoked potential 
latency, which is a measure of optic nerve abnormalities. These authors concluded that the 
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functional reorganization to visual stimulus following optic neuritis may represent a 
compensatory response to an abnormal input. 
Cortical reorganization in MS has been well characterized while patients performed 
motor tasks. In an fMRI study of non-disabled RRMS patients performing hand flexion and 
extension, increased activation was observed in the motor cortices including the 
contralateral somatomotor cortex and supplementary motor areas bilaterally compared to 
healthy subjects (Rocca et al. 2002a). MS can present, prior to confirmed diagnosis, as a 
clinically isolated syndrome (CIS) involving one single site of neurological deficit such as 
the optic nerve. fMRI studies have shown that cortical reorganization occurs even this early 
in the disease course. CIS patients who underwent fMRI during a simple motor task were 
found to activate larger number of regions than healthy controls, which included the 
premotor cortex in the contralateral and ipsilateral hemispheres (Pantano et al. 2002a). 
Altered motor cortical activation occurs in the progressive stages of the disease and has been 
observed in patients with both SPMS (Rocca et al. 2003) and PPMS (Roca et al. 2005). 
These studies show that in addition to activating motor areas, patients in the progressive 
courses recruit multiple non-motor cortical networks during the performance of simple 
motor tasks.  
  Several authors have also reported cortical reorganization in MS while performing 
complex cognitive tasks involving attention and working memory but results are variable. 
Some studies found greater areas of activation in response to a given task (Audoin et al., 
2003, 2005; Staffen et al., 2002; Sweet et al., 2004), others described no differences (Meyn 
et al., 2010), and still others reported decreased activation (Cader et al., 2006; Wishart et al., 
2004). The difficulty in controlling for performance differences and disability levels may 
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have contributed to this variability in findings. For example, Mainero et al. (2004), in a 
group of 22 RRMS patients, using a recall task and the Paced Auditory Serial Addition Task 
(PASAT) have reported increased activation. These authors found that during both tasks, 
patients had greater cortical activation in several prefrontal regions compared to healthy 
control subjects. Interestingly, after dividing patients by cognitive function based on task 
performance, they found that cortical activation was greater in those with better 
performance. In another study using three tasks of attention of increasing complexity, 14 MS 
patients were classified based on neuropsychological testing as having mild or severe 
cognitive impairment (Penner et al. 2003). The mildly impaired patients exhibited an 
increased and additional recruitment of brain areas primarily within the frontal and posterior 
parietal cortex. Those with severe impairment did not exhibit increased recruitment of the 
prefrontal cortex and there were no differences in activation of the premotor cortex 
compared to healthy subjects. These studies suggest that cognitive compensation in MS 
patients is dependent upon the capacity to recruit additional brain regions and that 
exhaustion of this mechanism may give rise to severe cognitive dysfunction.  
The current knowledge gained from fMRI studies in MS is summarized by the 
recently proposed MS disease progression hypothesis by Schoonheim et al. (2010), which 
suggests that initial structural damage causes brain hyperactivation, which results in low 
disability and cognitive preservation, but after this hyperactivation peaks, progressive 
cognitive impairment and disability ensue (Fig. 1.1).  
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Figure 1.1 Relationship of clinical disability, structural damage and functional 
reorganization in MS as proposed by Schoonheim et al. (2010). Initially, very little structural 
damage causes a strong response in functional reorganization and hyperactivation in the 
brain, resulting in low disability and cognitive preservation in phase 1. After functional 
reorganization reaches its peak in phase 2 and decreases thereafter, cognitive impairment 
and disability progressively develop throughout phase 3. Reproduced with permission from:  
Schoonheim et al. 2010. 
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To date, most functional imaging studies in MS patients have investigated brain 
activation in a single functional neurological system (e.g. motor or working memory 
system). Increased functional recruitment in MS patients has been interpreted as 
representing reorganization of cortical regions as they pertain to the functional system 
investigated (e.g. motor cortical reorganization). However, there is limited knowledge about 
putative brain activation mechanisms that may not only be compensatory during the 
performance of specific tasks but may occur across different functional domains. Recent 
evidence from fMRI studies of working memory suggests that the specific recruitment of 
cognitive control regions within the prefrontal cortex (dorsolateral prefrontal cortex and 
anterior cingulate cortex) may be a general mechanism allowing patients to cope with 
increasing cognitive demands and accommodate disease-related neural dysfunction (Au 
Duong et al., 2005; Audoin et al., 2008; Hillary et al., 2006, 2008,).  
Activation studies in MS have been essential to identify the brain’s ability to elicit 
altered cortical activation patterns during the performance of tasks. However, behavioral 
responses result from the interaction of brain regions forming networks and not simply the 
result of isolated regional activity. Simple processes such as moving a finger involve the 
interaction of multiple motor regions. Therefore, determining activation levels of isolated 
regions when patients perform a task does not provide a complete understanding of the brain 
mechanisms that patients utilize to compensate for neural disruption. Changes in the 
interactions, or connectivity, between brain networks may also be involved in cortical 
reorganization in MS.  
 Brain connectivity can be characterized in two broad categories; one relating to the 
functional interaction among regions when they are active (effective connectivity) and one 
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to the structural components that allow regions to interact (structural connectivity). Effective 
connectivity is determined by the influence that one region exerts over another when 
performing a task and can only be determined by activating brain regions. Application of 
dynamic causal modeling (DCM) (Friston et al. 2003) to fMRI data provides information 
about effective connectivity between brain regions when a subject performs a task and 
determine the direct influence that one brain region exerts over another (Friston et al. 2003, 
Friston 2009b).  
Structural connectivity is task-independent and refers to the physical components 
(i.e. axons) that allow cortical regions to interact among each other when active. Measuring 
this type of connectivity is essential to understand brain function because compromised 
structural connectivity may result in diminished interaction between brain regions and 
overall CNS dysfunction. Diffusion tensor imaging is a MRI technique that uses diffusion of 
water molecules within tissue to infer structural integrity. Isotropic diffusion is the 
unrestricted motion of water molecules. Conversely, restriction of diffusion by myelin and 
axonal membranes within white matter result in directional water diffusion, or anisotropic 
diffusion, along the orientation of axons. Disruption to myelin or axonal membranes result 
in changes in diffusion that can be quantified by DTI parameters including fractional 
anisotropy (FA), mean (MD), axial (AD) and radial diffusivities (RD).  FA quantifies 
directionality of water diffusion while MD provides a measure of overall diffusion and both 
are use as indicators of overall white matter integrity (Wozniak and Lim 2006). Diffusion 
anisotropy can be parcellated into components that reflect the degree of diffusion that is 
axial (AD) or radial (RD) to the main white matter tract and can provide more specific 
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information about tissue integrity than MD or FA (Herrera et al. 2008; Klawitter et al. 2011; 
Narayana et al. 2010; Song et al. 2005; Xu et al. 2008). 
 
Central Hypothesis and Specific Aims  
Given the limited knowledge of cortical reorganization patterns that may occur in 
multiple functional domains and the structural and effective connectivity that may 
accompany these changes, an investigation combining fMRI and DTI was undertaken to 
better understand the underlying mechanisms of cortical reorganization in MS. Patients with 
MS and without clinical disability were recruited for the current studies since cortical 
reorganization is highly expressed in these patients (Schoonheim et al 2010). As detailed in 
the following chapters, multiple MRI modalities and analyses were used to uncover the 
functional and connectivity changes in the brain networks of these patients by testing the 
following hypothesis. 
 
CENTRAL HYPOTHESIS 
MS patients without clinical disability show increased activation of common brain 
networks across functional systems that are mediated by changes in functional and 
structural connectivity.  
SPECIFIC AIMS 
1. Determine cortical recruitment in patients with MS without clinical disability across 
multiple functional systems. The hypothesis that non-disabled MS patients show increased 
recruitment of cognitive control regions within the prefrontal cortex across sensory, motor 
and cognitive tasks is tested. Blood-oxygen level dependent (BOLD) signal changes were 
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measured using fMRI in patients with RRMS with no detectable clinical disability as 
assessed by the Expanded Disability Status Scale (EDSS) while they observed flashing 
checkerboards, performed right and left hand movements, or executed the N-back working 
memory task.  
 
2. Investigate if alterations in cortical activation in MS patients without clinical 
disability are mediated by changes in effective connectivity. The hypothesis that MS 
patients show altered functional integration of cognitive control regions during the 
performance of the N-back task is tested. DCM is used to model functional interactions of 
the working memory system network comprising prefrontal and posterior parietal cortical 
regions.  
 
3. Investigate brain structural connectivity and its relation to prefrontal cortex 
function in MS patients without clinical disability.  Microstructural integrity of major 
white matter tracts is investigated in non-disabled MS patients. Using DTI fiber tractography 
and tract-based spatial statistics (TBSS) diffusion measures associated with tissue structural 
integrity are obtained in major white matter tracts and correlated to measures of cortical 
activation and effective connectivity during the performance of the N-back task.   
 
Significance  
A better understanding of cortical reorganization in MS patients and the functional 
and connectivity changes that may accompany it may allow us to exploit these plasticity 
mechanisms of the mature CNS with behavioral, pharmacological and nonconventional 
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interventions, and ultimately improve clinical recovery. Second, identifying these changes 
may provide us with a better monitoring tool for the evaluation of efficacy of therapies that, 
for instance, are targeted at augmenting intrinsic neuroplasticity. These findings may allow 
customized patient treatment. Third, this knowledge would advance our understanding of the 
heterogeneity of disease progression in MS and may clarify, for instance, why some patients 
with RRMS progress to SPMS after 10 years while others do so after 25 years. This 
ultimately would empower physicians to provide a more accurate disease prognosis. Finally, 
the implications of identifying the processes that lead to cortical reorganization would have 
great impact not only for patients with MS but other neurological diseases because cortical 
reorganization appears to be a common adaptive mechanism of the CNS.   
 
MATERIALS AND METHODS 
Subjects  
Twenty two patients with clinically definite MS (Polman et al., 2011) were recruited 
from the MS Clinic of The University of Texas Medical School at Houston. Inclusion 
criteria were: relapsing-remitting course of the disease, absence of neurological abnormal 
signs in the upper limbs, and EDSS
 score of ≤ 1.5. The EDSS is the most widely used 
clinical instrument in MS and it quantifies disability in eight functional neurologic systems; 
a score of 0 implies no disability while a score of 10 means death due to MS. The functional 
systems are: pyramidal, cerebellar, brainstem, sensory, bowel and bladder, visual, cerebral, 
and other. A detailed clinical neurological examination and EDSS scoring was performed by 
an experienced neurologist within one month prior to imaging, except for one patient who 
was scanned two months later. All patients were in remission from the time of clinical 
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examination until the imaging session. The Multiple Sclerosis Functional Composite 
(MSFC) was administered to the patients on the day of scanning (Cutter et al., 1999). This 
battery involves assessment of upper extremity function with the Nine Hole Peg Test 
(NHPT), lower extremity function with the 25-foot timed walk (25FTW) and sustained 
attention and information processing speed with the three-second PASAT. During this task, 
subjects must add verbally presented single digits to the one preceding it every three 
seconds. A total of 60 trials were conducted. The Edinburgh Handedness Inventory 
(Oldfield, 1971) was administered to control for hand dominance during motor tasks. The 
control group consisted of 23 age and gender matched healthy volunteers with no history of 
psychiatric or neurological disorders and normal MRI. Both groups had at least 13 years of 
education. The study was approved by our Institutional Review Board and all subjects 
provided a written informed consent. Demographic, clinical characteristics and behavioral 
performance of the subjects are presented in Table 1.1. 
 
MRI data acquisition 
Subjects underwent one MRI session lasting approximately 60 minutes on a 3.0 T 
Philips Intera MRI scanner with a Quasar gradient system (maximum gradient amplitude 80 
mT/m, slew rate 200 T/m/s) and an 8-channel head coil (Philips Medical Systems, Best, 
Netherlands). The structural MRIs included a 3D high-resolution T1-weighted 
magnetization prepared rapid acquisition of gradient echo (MPRAGE) sequence (echo time 
(TE) 3.7 ms, repetition time (TR) 8.1 ms, 1.0 mm isotropic resolution and FOV of 256 mm 
× 256 mm × 170 mm), a 3D T2-weighted sequence (TE 362.9 ms, TR 2500.0 ms), a fluid-
attenuated inversion recovery (FLAIR) sequence (TE 337.2 ms, TR 8000.0 ms, inversion 
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time (TI) 2400.0 ms) and a diffusion-weighted sequence (DWI; TE 55.0 ms, TR 8000.0 ms, 
3.0 mm × 44 slices, matrix 128², FOV 256² mm², 32 diffusion gradient directions, b = 1000 
s/mm²). The image geometry for both T2-weighted and FLAIR is identical to that of the 
MPRAGE. The fMRI data was collected using a gradient echo echo planar imaging (EPI) 
sequence with the following parameters: TE 30.0 ms, TR 2015.0 ms, 3.0 mm × 33 slices, 
matrix 80 × 80, FOV of 220 mm × 220 mm, 90º flip angle.   
 
Data Preprocessing and Analysis  
Preprocessing and statistical analysis of  data, as described in detail in each chapter, 
was conducted using the following software: Statistical Parametric Mapping 8 (SPM8) 
(Wellcome Trust Centre for Neuroimaging, University College London, UK) implemented 
in Matlab (Mathworks, Natick, Massachusetts), FMRIB’s Software Library (FSL) version 
4.1 (Smith et al., 2004), DTI Studio (Johns Hopkins University, Baltimore, Maryland) (Mori 
et al. 2002), and  Stata version 10.0 (Stata Corporation, College Station, Texas). 
 
15 
 
Table 1.1  Demographics, clinical data and task performance.  
 
 Patients Controls p* 
Total (females/males) 18/3 21/7  
Age, mean +/- sd 41.4 +/- 10.2 38.1 +/- 12.5 0.38 
Duration since diagnosis, mean +/- SD 7.4  +/- 6.68 n/a  
Duration since first symptoms, mean +/- SD 10.2 +/-  7.35 n/a  
EDSS, median (range) 0 (0-1.5) n/a  
PASAT score, mean +/- sd 49.82 +/- 7.8 n/a  
25-foot timed walk    
 Trial 1, mean time +/- SD (sec)   4.6 +/- 1.2 n/a  
 Trial 2, mean time +/- SD (sec)   4.5 +/- 0.9 n/a  
Time to complete Nine Hole Peg Test     
  Mean time right hand +/- SD (sec)  18.8 +/- 2 17.9 +/- 1.6 0.14 
 Mean time left hand +/- SD (sec) 19.1 +/- 2 18.8 +/- 2.5 0.68 
N-back  0-back condition performance    
  Mean accuracy  +/- SD (% correct)  95.8 +/- 2 94.6 +/- 6 0.42 
  Mean reaction time +/- SD (sec) 0.55 +/- 0.07 0.55 +/- 0.07 0.94 
N-back  2-back condition performance    
  Mean accuracy  +/- SD (% correct)  87.3 +/- 4 87 +/- 6 0.86 
  Mean reaction time +/- SD (sec) 0.77 +/- 0.1 0.77 +/- 0.2 0.88 
 
* P values are for an unpaired two-sample student’s t-test.  
Note: data is shown for the group of subjects used for the fMRI motor studies.  
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CHAPTER 2 
 
MULTI-TASK fMRI IN NON-DISABLED MS PATIENTS 
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INTRODUCTION 
 Multiple sclerosis commonly results in visual and motor dysfunction as well as 
cognitive impairment in 40 to 70% of patients (Chiaravalloti and DeLuca, 2008). While the 
majority of individuals afflicted with MS accumulate clinical disability throughout their 
lifetime, approximately one-quarter of them experiences a course with minimal or no 
detectable disability (Ramsaransing et al., 2001) even in the presence of significant lesion 
load on MRI (Strasser-Fuchs et al., 2008). The brain mechanisms that may allow these 
patients to escape developing clinical disability are poorly understood.  
As previously described, fMRI studies provided some insight to this question. As 
summarized by Schoonheim et al. (2010), initial structural damage causes brain 
hyperactivation, which results in low disability and cognitive preservation, but after this 
hyperactivation peaks, progressive cognitive impairment and disability ensue. While this 
hypothesis elegantly describes the temporal pattern of altered brain activation observed in 
MS patients, it also illustrates the lack of specific mechanisms that may prevent 
development of disability in patients, especially in patients who follow a milder course. 
A recent meta-analysis of 33 functional imaging studies suggests that altered patterns 
of brain activation during working memory tasks may represent increased use of the 
cognitive control system (Hillary, 2008). Across several clinical populations including MS, 
there was a consistent recruitment of cognitive control regions, including the dorsolateral 
prefrontal cortex (DLPFC) and, to a lesser extent, the ventrolateral prefrontal cortex and 
anterior cingulate cortex (ACC) (Audoin et al., 2003; Bobholz et al., 2006; McAllister et al., 
1999; Perlstein et al., 2003; Sweet et al., 2004). It has been proposed that increased use of 
the cognitive control system may be a mechanism to allow patients to cope with increasing 
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cognitive demands and compensate disease-related neural dysfunction (Au Duong et al., 
2005; Audoin et al., 2008; Hillary et al., 2006, 2008,).  
Given this evidence, we investigated whether increases in activation of the cognitive 
control system are also observed in MS patients with no clinical disability as assessed by 
EDSS. Specifically, we hypothesized that these patients would show increased recruitment 
of cognitive control regions across sensory, motor and cognitive tasks. To verify this 
hypothesis, we measured BOLD signal changes using fMRI in patients with RRMS with no 
detectable clinical disability. The fMRI paradigms included a visual stimulus (flashing 
checkerboards), right and left hand movements, and the N-back working memory task.  
 
MATERIALS AND METHODS 
Data acquisition 
Functional MRI involved a total of six sessions of gradient echo EPI while subjects 
performed during two sessions either the motor, visual or cognitive task. Presentation of the 
tasks was based on a block design in which periods of an activating condition alternated 
with periods of a control condition with sessions lasting between 4 to 6 min. To improve the 
spatial coverage of the occipital cortex, TR and the number of slices for the visual sessions 
were increased to 2177 ms and 36 slices, respectively.  
 
fMRI Stimuli and Design 
Stimuli for each task were programmed using the E-Prime software (Psychology 
Software Tools, Pennsylvania, PA) and presented using the Eloquence functional imaging 
system (Invivo Corporation, Gainesville, FL) through an LCD screen inserted into the head 
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coil. Responses to the tasks were recorded using a keypad. Subjects were trained beforehand 
for accurate performance using the mock scanner that is a part of the MRI suite. The 
paradigms were presented in the following order: cognitive, visual, and motor. The visual 
task consisted of control periods of minimal visual stimulation with a black screen and a 
flashing red crosshair alternating with activating periods of a full field radial checkerboard 
flashing at 8 Hz (Drobyshevsky et al., 2006; Schneider et al., 1993) (Fig. 2.1). In order to 
confirm that subjects were looking at the screen during the task, they were instructed to 
press a key at the beginning of the flashing checkerboards. Two sessions of 12 blocks (6 
control, 6 activation) were included and 96 EPI volumes were acquired per session. 
 
Visual Task 
 
 
 
Figure 2.1 Schematic representation of black screen (rest) and  
          flashing checkerboard during the visual fMRI task.  
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The motor task consisted of blocks of rest alternated with blocks of flexion and 
extension of the last four fingers of the right or left hand and was based on prior fMRI motor 
studies in MS (Pantano et al., 2002b; Rocca et al., 2002a). Subjects were visually cued with 
the words “REST”, “RIGHT” or “LEFT” (Fig 2.2). Hand side was alternated after each rest 
period. Two sessions of 21 blocks (11 control, 10 activation) were included and 168 EPI 
volumes were acquired per session. Subjects were trained to self-pace movements at 1 Hz 
and correct execution of the task and mirror movements were monitored via video cameras. 
 
Motor Task 
 
 
 
 
Figure 2.2 Schematic representation of hand movement conditions  
      and resting condition during the fMRI motor task.  
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To identify cortical areas involved in the working memory, the widely used N-back 
task was implemented (Drobyshevsky et al., 2006; Owen et al., 2005) (Fig 2.3). This 
paradigm was chosen over other common ones such as PASAT because it allowed precise 
automated acquisition of response reaction time. During the control condition (0-back), 
subjects were instructed to respond with their index finger (positive response) to a sequence 
of 10 red letters shown one at a time if presented with the letter ‘‘X’’, and with their middle 
finger (negative response) otherwise. For the activating condition (2-back), subjects were 
shown a series of 10 yellow letters one at a time and were instructed to provide a positive 
response if the current letter was the same as that presented two letters previously and a 
negative response otherwise. Each letter was displayed for 1 sec and the inter-stimulus 
interval lasted for 2 sec. Stimuli to distracter ratio was 1:5. Two sessions of 15 blocks 
(8control, 7 activation) were included and 150 EPI volumes acquired per session. Reaction 
time and percent correct responses (accuracy) were recorded for both conditions. Subjects 
with an accuracy of < 50% for the positive trials during the 2-back condition were excluded 
from the analysis. 
 
Cognitive Task 
0-back Condition    2-back Condition  
      
 
Figure 2.3 Schematic representation of control condition and working  
    memory and attention condition during the fMRI cognitive task.  
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fMRI processing and analysis 
Preprocessing and analysis of the fMRI data were performed using SPM8 software 
(Wellcome Trust Centre for Neuroimaging, University College London, UK) implemented 
in Matlab (Mathworks, Massachusetts, USA). Volumes with significant artifacts were 
identified using the ArtRepair toolbox 
(http://cibsr.stanford.edu/tools/ArtRepair/ArtRepair.htm) based on scan-to-scan motion (>1 
mm/TR) and outliers relative to the global mean signal (> 5 SD from global mean). Images 
with artifacts were repaired by interpolation from the nearest unaffected volumes. Images 
then underwent intra-subject linear motion correction to reduce head motion effects. 
Subjects with head motion greater than 3.0 mm in translation or 3.0° in rotation were 
eliminated from the analysis of the corresponding task. Functional-structural coregistration 
of fMRI and MPRAGE data was performed to improve spatial localization of activity. Each 
subject’s MPRAGE was then normalized to the coordinates of the Montreal Neurological 
Institute (MNI) template (Collins et al., 1995; Mazziotta et al., 2001) and the resulting 
transformation was applied to the fMRI data. Subsequently, fMRI data underwent 
resampling to a 2 mm isotropic resolution, spatial smoothing with an 8 mm full-width-at-
half-maximum isotropic Gaussian kernel and temporal filtering with a high pass filter (t = 
128 sec).  
Statistical analysis was performed using a two-level stage random-effect analysis. At 
the first level, significant signal changes due to the effect of interest (i.e. flashing 
checkerboards, hand flexion-extension, 2-back condition) versus baseline condition for each 
subject were assessed with t statistical parametric maps (t maps). Individual t maps were 
then used in the second-level analysis to assess differences in brain activation at the group 
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level between MS patients and control subjects. A cluster-defining threshold of p = 0.01 and 
cluster P values after correction for multiple comparisons using Random Field Theory 
(Adler, 1981)  to control for family wise error (FWE) rate of less than 0.05 (Friston et al., 
1996) were used in all analyses. Anatomical labeling of regions of activation was 
accomplished with the Automatic Anatomic Labeling software package (AAL) (Tzourio-
Mazoyer et al. 2002).  
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RESULTS 
Quality Control Measures: Handedness, Head Motion and Task Performance  
Two patients were excluded from all the analyses due to severe head motion and 
poor performance during the 2-back paradigm. Two additional left-handed patients (Olfield, 
1971) were excluded from the analysis of the motor paradigm. Two controls were excluded 
from all analyses due to motion artifacts. Two additional controls did not perform the visual 
task and two others were excluded from the analysis of the 2-back paradigm due to poor 
performance. The final analysis consisted of 20 patients and 19 controls for the visual and 2-
back paradigm and 21 controls and 18 patients for the motor paradigm.  
Groups did not differ in mean age, or time to complete the Nine-Hole Peg test when 
using their right or left hand (Table 1.1). No mirror movements were noted during hand 
movements while performing the motor tasks. Performance on the 2-back paradigm, 
measured as accuracy and reaction time, did not differ between the patient group and healthy 
controls in either the control trial or the working memory trials (Table 1.1).  
 
fMRI within-group analysis 
Comparison of the observation of flashing checkerboards to a black screen in a 
within-group analysis resulted in extensive activation of the occipital cortex in both groups 
(Fig 2.4a). Analyses of right and left flexion-extension hand movements compared to rest 
resulted in extensive activation of contralateral primary motor regions and minimal 
activation of ipsilateral motor regions in both groups (Fig 2.4b, 2.4c). During the 
performance of the 2-back condition compared to the 0-back condition, both groups 
activated a network of frontoparietal and midline structures associated with working 
memory tasks (Fig 2.4d) (Owen et al., 2005). 
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Figure 2.4 Cortical activation patterns in MS patients with no disability and control subjects during the (a) visual task, (b) right hand 
movements, (c) left hand movements and (d) performance of the 2-back task (one sample t-test, p < 0.05 FWE-corrected at voxel and 
cluster level). Images are in neurological convention (left is left). Red-orange color scale represents the alpha level (1 − p).
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fMRI between-group analysis 
A two-sample comparison of patients versus controls identified clusters of greater 
activation in patients during the right hand, left hand and 2-back conditions while none were 
identified during the visual task. Controls failed to show greater activation compared to 
patients during any of the conditions. The coordinates of the maximum voxel t value, its 
approximate anatomical location, number of voxels, percent whole brain BOLD, p-value, 
and center of mass are shown for each significant cluster in Table 2.1. The following 
sections provide a more complete description of the anatomical location of each cluster.  
 
Right Hand Movements  
Group comparison of subjects while performing right hand movements identified 
one cluster of significantly greater activation in patients (Fig. 5a). Regions in this cluster 
involved right precentral gyrus (BA4) and postcentral gyrus (BA5), left superior parietal 
gyrus (BA7), bilateral supplementary motor areas (SMA) (BA6), middle cingulate cortex 
(BA31), and precuneus (BA5 and 7).  
 
Left Hand Movements  
For the left hand condition, two clusters were found in which patients showed greater 
activation than controls (Fig. 5b). The main regions inside these clusters included right 
superior and middle frontal gyri (BA9 and 10) within the DLPFC (BA 9 and 46), right insula 
(BA 13), and bilateral middle and anterior cingulate cortices (BA 24 and 32). Other regions 
included right inferior frontal gyrus pars triangularis and pars opercularis, SMA, putamen, 
caudate and superior temporal gyrus.  
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Working Memory Task 
During the performance of the 2-back condition compared to the 0-back condition, 
patients showed greater activation than controls in one cluster (Fig. 5c). Regions in this 
cluster primarily included right superior and middle frontal gyri (BA 9, 10 and 46), and 
middle and anterior cingulate cortices (BA32). Other regions included right inferior frontal 
gyrus pars orbitalis (BA11), opercularis, and triangularis.  
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Figure 2.5 Areas of increased brain activation in MS patients with no clinical disability 
relative to controls during (a) right hand movements, (b) left hand movements and (c) 
performance of the 2-back task (two sample t-test, p < 0.05 FWE-corrected at cluster level). 
Red-orange color scale represents the alpha level (1 − p).
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Table 2.1  Random Effects comparison of activations during the visual paradigm, right and left hand movements and 2-back task between 
MS patients (MS) and control subjects (CS).  
Condition Comparison Cluster label 
(center of mass) 
Corrected 
cluster p  
Mean difference across all 
voxels in cluster 
(± 90% CI) 
 [% whole brain BOLD] 
Voxels in 
cluster 
Maximal 
voxel T 
 X   Y   Z  Location 
VISUAL MS > CS  < 0.05     No significant clusters 
 CS > MS  < 0.05     No significant clusters 
RIGHT MS > CS 1 (3,-38,54) 0.01 0.531  (0.242) 1616 3.76 
3.67 
3.33 
8 -41 57 
18 -21 59 
-4 -27 67 
R precuneus (BA5) 
R precentral g (BA4) 
L supplementary motor area 
(BA6) 
 CS > MS       No significant clusters 
LEFT MS > CS 1 (9,28,32) 
 
 
 
2  (34,18,10) 
 
0.004 
 
 
 
0.022 
0.400  (0.165) 
 
 
 
0.446  (0.192) 
1687 
 
 
 
1248 
4.69 
3.79 
3.69 
 
4.69 
3.89 
3.83 
16 47  33 
20 55 19 
2 11 29 
 
28 17  19 
44 -5 -17 
24 21 13 
R superior frontal g (BA9) 
R superior frontal g (BA10) 
R middle cingulate g 
(BA24) 
R insula (BA13) 
R superior temporal g 
R caudate 
 CS > MS  < 0.05     No significant clusters 
2-BACK MS > CS 1 (28, 30, 18) 0.002 0.453  (0.133) 1893 4.61 
4.53 
4.32 
40 23 31 
20 43 11 
36 45 7 
R middle frontal g (BA9) 
R anterior cingulate g 
(BA32) 
R middle frontal g (BA10) 
 CS > MS  < 0.05     No significant clusters 
 
P values are corrected with FWE adjustment for multiple comparisons at cluster level and for two-tailed tests. Within each significant 
cluster, the three maximal voxel t values that are greater than 8 mm apart and their approximate anatomical location are shown. Coordinates 
are in MNI space (mm). BA = Approximate Brodmann area, g = gyrus, L = left. R = right.  
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DISCUSSION 
The current studies provide the first fMRI characterization of recruitment of 
cognitive control regions across multiple tasks in the subset of MS patients who have lesions 
but do not have clinical disability. The current results in these patients demonstrate 
increased activation of the right DLPFC and ACC during the performance of a demanding 
working memory task. Moreover, this pattern of functional recruitment also was observed 
during the performance of non-dominant hand movements. These results support the 
mounting evidence for increased functional recruitment of cognitive control brain regions in 
the working memory system of MS patients with low disability (Au Duong et al., 2005; 
Audoin et al., 2008; Hillary et al., 2006; Sweet et al., 2004, 2008) and provide new evidence 
for its role in the motor system.  
 The approach taken in these studies addresses many of the issues contributing to the 
inconsistent findings observed in fMRI studies in MS. Brain activation was investigated in a 
homogeneous MS patient group based on disability because as prior studies have shown, 
functional recruitment patterns in MS patients vary by disability (Rocca et al., 2005). 
Patients with accuracy and reaction times equivalent similar to those of healthy controls 
were used to limit between-group differences in behavioral performance. This is important 
because it is challenging to interpret increased brain activation as adaptive in patients whose 
performance is not rather comparable to that of controls. While performance measures were 
not controlled in early fMRI studies (Hillary et al., 2003; Penner et al., 2003; Staffen et al., 
2002), others have only control for equivalent accuracy but not reaction time (Forn et al., 
2006; Sweet et al., 2006) which results in the comparison of patient and control groups that 
may differ in information processing speed. This is nontrivial since decreased processing 
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speed is the most common cognitive deficit and the primary cause of information processing 
impairments in MS patients (DeLuca et al., 2004). Finally, the same cohort of patients and 
controls was used across the different studies. This reduces the variability from 
interindividual differences in brain activation and allows probing for brain mechanisms that 
may be common across functional domains.  
 
Motor Tasks 
Patterns of activation consistent with motor execution and planning were observed in 
our patients and controls during the performance of right and left hand movements 
(Loubinoux et al., 2001). Group comparison during right hand movements showed that 
patients increased activation of the ipsilateral primary motor cortex (BA4) as well as 
bilateral activation of regions associated with the sensorimotor network (BA5-7, 31). 
Consistent with our findings, similar fMRI motor studies in MS patients with low disability 
have reported increased activation of bilateral sensorimotor regions during right hand 
movements (Giorgio et al., 2010; Pantano et al., 2002a, Rocca et al. 2005). An increase in 
activation of regions outside of the classical motor network has also been described during 
right hand movements, which was not observed in this study. However, the patients in these 
studies had greater disability (Wang et al., 2007) or were in the progressive stage of the 
disease (Rocca et al., 2002b). 
Interestingly, when patients performed the same motor task with the non-dominant 
hand, additional areas not typically activated in simple motor tasks, including the bilateral 
ACC and the right DLPFC, were recruited. These findings may be related to the increased 
cognitive effort that performing non-dominant hand movements requires. While most motor 
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fMRI studies in MS have involved right hand movements, a recent fMRI study by Rico et al. 
(2010) examined bilateral movements in patients with clinically isolated syndrome 
suggestive of the first clinical manifestation of MS (CIS) with low disability and devoid of 
corticospinal dysfunction. Consistent with our findings, these authors found increased 
activation of the ACC when patients performed non-dominant hand movements but not with 
dominant hand movements. These findings suggest that non-dominant hand movements 
result in recruitment of brain networks involved in cognitive control in patients with MS and 
minimal or no disability.  
 
Cognitive Task 
Performance of the 2-back condition in both groups activated brain regions 
associated with working memory tasks (Owen et al., 2005). However, between-group 
comparison identified increased activation in patients mainly involving the right DLPFC and 
right ACC. Increased activation of these regions in MS patients with low disability has been 
described across different fMRI working memory studies (Audoin et al., 2008; Bobholz et 
al., 2006; Sweet et al., 2004), and consistent with our findings, several investigators have 
noted increased DLPFC activation primarily involving the right hemisphere (Hillary et al., 
2006). For instance, a recent longitudinal fMRI study of a group of patients with CIS and 
low disability identified increased levels of activation in the right DLPFC and ACC in 
patients who improved their scores in the PASAT over 1 year relative to patients who did 
not (Audoin et al., 2008). These authors concluded that recruitment of adaptive cognitive 
control processes may limit the cognitive dysfunction associated with MS.  
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Posterior parietal regions which are involved with storage of visual short term 
memory (Todd and Marois, 2004; Vogel and Machizawa, 2004; Xu and Chun, 2006), have 
also been reported to show increased activation in MS patients performing working memory 
tasks (Penner et al., 2003; Wishart et al., 2004). Group differences in these regions were not 
observed in this study or that by Sweet et al. (2004) who investigated brain activation in 
patients with MS and low disability during 2-back task performance. This finding may be 
related to preservation of short term memory storage. Importantly, the patients studied by 
Sweet et al. (2004), similar to the ones in the current study, had normal information 
processing speeds as reflected by their normal reaction times.  
 
Visual Task 
As expected, the performance of the visual task resulted in extensive activation of 
the occipital cortex in both groups, which is consistent with previous fMRI studies in 
healthy subjects using similar paradigms (Drobyshevsky et al., 2006; Schneider et al., 1993). 
However, between-group comparison yielded no group differences in our studies. This is 
somewhat different from the altered patterns of cortical activity reported by Rombouts et al. 
(1998) in a group of RRMS patients with unilateral optic neuritis. These authors reported 
reduced visual cortex activation upon monocular stimulation of the affected and unaffected 
eyes. They observed a trend of greater activation in recovered patients upon stimulation of 
both the affected and unaffected eyes. Similar findings have been reported by other 
investigators (Werring et al., 2000). A possible explanation for these discrepant results is 
that none of our patients had a recent episode of optic neuritis. 
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Increased Cognitive Control in MS  
The aim of the current investigation was to test if non-disabled MS patients show 
increased recruitment of cognitive control regions across visual, motor and working memory 
tasks. The current findings support in part our hypothesis and indicate that these patients 
recruit the right DLPFC and ACC while performing working memory tasks and non-
dominant hand movements. These two regions are key elements of the neural architecture of 
the cognitive control system, which involves maintaining mental states representing goals 
and the means to accomplish them (Miller and Cohen, 2001) and require processes such as 
planning, attention and working memory. The DLPFC is involved in multiple executive 
processes including monitoring, manipulation and integration of multiple pieces of 
information (Petrides, 2000; Rypma and D’Esposito, 1999; Tanji and Hoshi, 2008). While 
the ACC has also been implicated in multiple high-order cognitive processes, it has gained 
particular attention for its involvement in conflict monitoring (Botnivik et al., 1999; Egner 
and Hirsch, 2005; Kerns et al., 2004). This evidence led to an influential model of cognitive 
control in which the role of the ACC is to identify the occurrence of conflictive information 
and to signal the DLPFC to resolve such conflict (Botvinick et al., 2001; Carter et al., 2007). 
Other investigators propose that the primary role of the ACC is not conflict monitoring but 
rather a function in response selection, estimation of reward uncertainty and direct 
implementation of actions needed to resolve conflict (Mansouri et al., 2009; Roelofs et al., 
2006). Moreover, recent evidence suggests that the identification of conflict is recognized by 
the DLPFC, with a subsequent behavioral adjustment accomplished by the interaction of the 
DLPFC and ACC (Morishima et al., 2010). 
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Although we lack an accepted model for the dynamic interaction of the DLPFC and 
ACC to allow individuals with intact neural networks cope with conflicting and demanding 
cognitive situations, it is clear that they are essential for cognitive control. In cases involving 
damaged neural pathways such as seen in patients with MS, higher levels of cognitive 
control, and therefore DLPFC and ACC recruitment, may be required at lower cognitive 
load thresholds (Hillary et al., 2006). If increased cognitive control allows patients to cope 
with increasing cognitive demands, usage of this brain mechanism should not only be 
limited to the working memory system but should function across any situation that 
demands greater cognitive effort. Current findings support this idea and provide novel 
evidence for increased recruitment of cognitive control when patients perform mildly 
demanding motor tasks.  
Another important finding of the current study is the lateralization of functional 
recruitment to the right DLPFC during both the working memory and motor tasks. 
Interestingly, preferential recruitment of the right DLPFC has also been described in fMRI 
working memory studies in MS, as previously mentioned, as well as other clinical 
populations, including victims of traumatic brain injury (McAllister et al., 1999; Perlstein et 
al., 2003) and patients with major depression (Fitzgerald et al., 2008). Moreover, several 
investigators have observed a relationship of increasing right DLPFC recruitment with 
increasing demands while performing working memory tasks in healthy controls 
(D’Esposito et al., 1999; Mostofsky et al., 2003; Rypma et al., 1999, 2002). These 
investigations have suggested that recruitment of the right DLPFC while performing 
working memory tasks may involve a general response to cerebral challenge (Hillary et al., 
2006). Consistent with this idea, we observed increased right DLPFC activation when 
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patients performed the more cognitively demanding tasks including the working memory 
task and non-dominant hand movements, while only minimal recruitment occurred during 
dominant hand movements and no involvement during the visual task. 
 
Conclusion  
In conclusion, these findings support the growing evidence that increased activation 
of cognitive control brain regions, particularly in the right hemisphere, may be an important 
mechanism allowing patients with MS to accommodate to the neural disruption caused by 
this disease. Moreover, the current study shows the usefulness of testing the same cohort of 
patients during multiple tasks to identify adaptive brain mechanisms that may be sustained 
across different functional domains.  
 
Limitations  
While this study is an important step towards better understanding the role of 
cognitive control recruitment in non-disabled MS patients, it is not without its limitations. 
First, as with most previous fMRI studies in MS, the cross-sectional nature of this 
investigation and the small number of subjects limit the generalization of these results. 
Nonetheless, the homogeneity of the patients included in this study makes this group 
reasonably representative. Longitudinal studies with larger homogenous patient groups 
testing multiple functional domains should provide better understanding of brain 
mechanisms that may be protective for the developing neurological disability in MS.  
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CHAPTER 3 
 
 
EFECTIVE CONNECTIVITY IN NON-DISABLED MS PATIENTS 
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INTRODUCTION 
A complete understanding of the underlying mechanisms giving rise to increased 
cognitive control recruitment in MS patients is essential if these mechanisms are to be used 
as targets for diagnostic or therapeutic intervention. The results of the current fMRI studies 
and previous investigations (Au Duong et al., 2005; Audoin et al., 2008; Hillary et al., 2006; 
Sweet et al., 2004, 2008) suggest that MS patients with low disability increase cortical 
recruitment of the prefrontal cortex when performing motor and working memory tasks 
relative to control subjects. Examining activation of isolated brain regions without 
considering their mutual interaction allows only a partial understanding of the mechanisms 
underlying a particular behavior. The aim of the current study was to investigate the 
functional interaction of cognitive control brain regions during the performance of a 
demanding cognitive task in patients with MS and no clinical disability. 
There are multiple approaches available to quantify connectivity of brain networks 
based on fMRI (Rowe et al. 2010), which does not measure brain electrical activity directly 
but  uses changes in the blood oxygen levels resulting from neural activation. The current 
study used DCM (Friston et al. 2003) to quantify effective connectivity, which focuses on 
the direct influence of one brain region over another (Friston et al. 2003, Friston 2009b). 
Compared to other models for probing effective connectivity such as those based on 
econometrics including Granger causal modeling (Goebel et al 2003), DCM uses a 
generative model of how the observed fMRI data are generated based on underlying 
neuronal states rather than on models based on temporal interactions among the observed 
hemodynamic data themselves (Friston 2009a). A recent study using an animal model of 
epilepsy simultaneously conducted fMRI and intracranial electroencephalography and 
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compared how Granger causal modeling and DCM modeled neuronal signal propagation 
(David et al. 2008). Accurate modeling of the source of neuronal discharges was obtained 
only with DCM. Another advantage of DCM is that it allows evaluation of the direct 
modulation of effective connectivity by experimental manipulations (Friston et al. 2003, 
Friston 2009b).  
In the present study, functional integration of cognitive control regions during the 
performance of the N-back task was investigated in MS patients without clinical disability. 
Given the increased DLPFC and ACC recruitment when patients performed this task, it was 
hypothesized that patients show altered connectivity among prefrontal cortical regions 
compared to healthy control subjects. This hypothesis was tested by using DCM to model 
functional interactions within a working memory network comprising the DLPFC, ACC and 
posterior parietal regions using fMRI data obtained during the performance of the N-back 
task.  
 
MATERIALS AND METHODS 
Dynamic causal modeling  
 Preprocessed statistical parametric maps utilized for the current study were obtained 
from the N-back fMRI experiment described in Chapter 2. While increased activation of 
cognitive control regions was also observed in patients when performing left hand 
movements during the motor fMRI study, methodological constraints limit the application of 
DCM to the motor task to study connectivity of prefrontal cortex regions. This is because in 
order to study changes in functional brain connectivity using DCM in clinical populations, 
only commonly activated regions in both controls and patients can be analyzed (Seghier et 
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al. 2010). Activation of the prefrontal cortex in both groups was observed only during the 
performance of the N-back task. Moreover, because of the central role of cognitive control 
regions in working memory processes, the N-back task is well suited to probe the 
connectivity of the prefrontal cortex. 
DCM analysis was conducted using the SPM8 software (Wellcome Trust Centre for 
Neuroimaging, University College London, UK). The goal of DCM is to draw inferences 
about the strengths of connections among neuronal populations and the changes resulting 
from context-dependent manipulations (Friston et al., 2003). The approach involves 
constructing realistic models of interacting cortical regions and determining how their 
interactions are influenced by experimental conditions (e.g. task conditions). The 
components of a DCM include: (a) intrinsic connections, which describe the coupling or 
effective connectivity of one region to another one, (b) modulatory inputs, which assess the 
change in effective connectivity between regions induced by an experimental condition, and 
(c) driving inputs, which describe the direct influence that an experimental manipulation has 
on the state of a specific region (Friston et al., 2003; Stephan et al., 2007). The units for 
these parameters are Hertz. A positive effective connectivity value indicates that activity in 
one region results in an increase in the rate of change of another region while a negative 
value indicates a decrease rate of change. Because there can often be several hypothesized 
functional networks, an approach using a Bayesian statistics was used to select the ideal 
model among a group of competing models (Penny et al., 2004).  Bayesian model selection 
(BMS) identifies the optimal DCM using a weighing of how good the model explains the 
patterns of changes observed in the fMRI data during a task and the model’s relative 
complexity (e.g. number of nodes).  
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Model Definition  
Finding the best model from which to obtain connectivity parameters is crucial for 
DCM studies. While testing a few models may bias selection towards one particular type of 
model, testing too many models may decrease the probability of findings the best one. The 
principles described by Seghier et al. (2010) of compatibility, size, and plausibility were 
employed in designing the DCMs in this study. The brain areas defining the model space in 
the DCMs involved core regions of the working memory system. Regions chosen showed 
high levels of activation during the N-back task in the within-group fMRI analyses and were 
consistently described as being active in previous fMRI studies of the N-back task (Owen et 
al. 2005). The DCMs consisted of 5 volumes of interest (VOIs) including bilateral DLPFC 
(BA9) within the inferior frontal gyrus, dorsal ACC (BA 32) and bilateral inferior parietal 
lobules within posterior parietal cortices (PPC) (BA40). To create the models, the time 
course series of fMRI signal changes during the N-back task was extracted from a spherical 
volume (10 mm radius) from the first-level fMRI analysis for every subject in each of the 5 
VOIs. Using this data, the principal eigenvariate was calculated, adjusted for effects of 
interest, and used in the final estimation of the DCMs. To ensure that models were 
comparable across subjects, the specific coordinates from where data was extracted in each 
subject was limited to a distance of 15 mm from the group coordinates within the 
aforementioned regions, which are shown in Table 3.1. 
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Table 3.1.  MNI group coordinates from the main effect 2-task > 0-back task in random-effects within-group analysis (P < 0.05 
FWE-corrected) used for VOI time series extraction.  
 
 
BA = Brodmann area, DLPFC = dorsolateral prefrontal cortex, ACC = anterior cingulate cortex, PPC = posterior parietal cortex. 
FEW = Family wise error 
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Model Connectivity  
A basic DCM was initially built with bidirectional intrinsic connections between all 
regions except the DLPFC and its contralateral PPC (Fig. 3.1). This model was subsequently 
used to produce 24 DCMs that were classified into 3 families of models based on their 
driving input, which was either the right DLPFC (family 1), the left DLPFC (family 2) or 
bilateral DLPFC (family 3). Eight DCMs within each family were produced by alternating 
the effective connectivity that the 2-back condition modulated within prefrontal cortex 
regions (Table 3.2).  
 
 
FIGURE 3.1 Network of intrinsic connections among the five regions of interest. Arrows 
represent the direction of the connection modulated by the 2-back condition. L = left, R = 
right, DLPFC = dorsolateral prefrontal cortex, ACC = anterior cingulate cortex, PPC = 
posterior parietal cortex.  
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TABLE 3.2.  Outline of the eight DCMs composing family 2. The other 16 DCMs for 
family 1 and family 3 were produced by alternating the driving input to the right DLPFC or 
bilateral DLPFC, respectively.  
 
 
 
 L = left, R = right, DLPFC = dorsolateral prefrontal cortex, ACC = anterior cingulate 
cortex, PPC = posterior parietal cortex. Arrows symbolize the direction of the intrinsic 
connection modulated by the 2-back condition. 
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Model Comparison by Bayesian Model Selection  
After constructing the 24 models for each subject, the DCMs were supplemented 
with a forward model of how the neuronal activity was transformed into the measured fMRI 
signals (Friston et al., 2003). Subsequently, BMS was used to compare the modelled fMRI 
signal of each model to that of the observed fMRI data (Penny et al. 2004) in order to 
identify the optimal model. Model comparison was performed within each group using a 
random effects approach at the family and individual model level. A random-effects 
approach, compared to fixed-effects, was used because it allows for differences in favored 
models at the individual level (i.e. not all subjects may have identical functional networks) 
and is optimal for DCM studies using clinical populations (Stephan et al. 2009). Because 
different functional networks may also be different between controls and patients, DCMs 
were tested independently for each group. Given the large number of DCMs tested, the 
family inference extension of BMS which identifies a favored group of models was used 
(Penny et al. 2010). After identifying the favored family of DCMs, inference at the model 
level was used to select the best DCM within the favored family for patients and controls. 
Selection of the optimal family and individual model was based on the exceedance 
probability. This measure provides the probability of belief that a particular family or model 
has a better tradeoff based on model fitting and model complexity compared to the 
alternative families or models tested (Stephan et al. 2009).  
 
Group Comparisons and Correlations  
DCM parameters (effective connectivity, driving inputs and modulations) were 
extracted for each subject from the optimal model and a one-sample t-test was used to 
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determine if parameters were significantly different from zero at the within-group level. 
Between-group comparison of parameters was achieved with an unpaired two-tailed t-test 
for parametric data and the Mann-Whitney U-test for nonparametric data. Normality of data 
was tested with the Saphiro-Wilk test. The resulting p values from these analyses were 
corrected for multiple comparisons using the Bonferroni procedure. 
 Regression analysis in the patient group using Spearman’s rank correlation 
coefficient was performed to examine the correlation between DCM parameters and 
cognitive performance during the 2-back task (accuracy and reaction time) performed during 
fMRI and the PASAT (total score) performed outside the scanner. These analyses were 
conducted using Stata version 10.0.  
 
RESULTS 
Subjects  
Extraction of time-series for all the regions was not possible for two control subjects 
because the closest region of activation was more than 15 mm away from the group 
coordinate. These subjects were therefore excluded from the analysis. The final groups 
included 20 patients and 17 controls.  
 
Model Selection by BMS  
Random-effects analysis using BMS at the family inference level showed that model 
family 2 (left DLPFC as driving input) was substantially favored compared to the other two 
families in both groups. The exceedance probability (probability of belief that this family is 
more likely that the other two) was 0.97 in the control group and 0.92 in the patient group 
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(Fig. 3.2a, 3.2b). Subsequent BMS of the eight models of family 2 favored model 8, in 
which the 2-back task modulated the intrinsic connection of the left DLPFC towards the 
ACC (Fig. 3.3). The exceedance probability (probability of belief that this model is more 
likely that the other eight) for this model was 0.66 for the control group and 0.98 for the 
patient group (Fig. 3.2 c and d). A second model was modestly favored in the control group 
in which the forward connection of the left DLPFC to the left PPC was modulated. Given 
the substantial support for family 2 model 8 (Fig. 3.3) as the optimal DCM, the effective 
connectivity, modulatory and driving input values were extracted from this model to 
perform within and between group analyses. 
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FIGURE 3.2 Results of the random-effects BMS analysis at the family and individual 
model level. Exceedance probabilities for the three model families for control subjects (a) 
and (b) MS patients are shown in the top row. Exceedance probabilities for the 8 DCMs of 
the model family having the left DLPFC as driving input for control subjects (c) and MS 
patients (d) are shown  in the bottown row. X-axis = family in (a) and (b) and model number 
in (c) and (d), Y-axis = exceedance probability, L = left, DLPFC = dorsolateral prefrontal 
cortex, ACC = anterior cingulate cortex, PPC = posterior parietal cortex. 
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FIGURE 3.3 Dynamic causal model (DCM) chosen for within and between group analyses 
of effective connectivity, modulatory parameters and driving input during the performance 
of the 2-back task in MS patients and control subjects. L = left, DLPFC = dorsolateral 
prefrontal cortex, ACC = anterior cingulate cortex, PPC = posterior parietal cortex. 
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Individual group analysis 
 Effective connectivity for all intrinsic connections was significantly greater than zero 
except those directed towards the left DLPFC in both groups (p <0.05) (Table 3.3). Input 
and modulation parameters were also significantly greater than zero in both groups.  
 
Group Differences 
 Comparison of group means for effective connectivity or modulation parameters 
revealed no significant differences after Bonferroni correction. Prior to Bonferroni 
correction, MS patients showed a decreased effective connectivity from the left DLPFC to 
the left PPC compared to controls (p = 0.02). Driving input within the left DLPFC was 
significantly greater in MS patients (p = 0.03).  
 
Correlation of DCM Parameters and Behavioral Performance  
 Regression analysis between DCM parameters and performance of the 2-back task in 
the patient group did not identify any significant correlations. A significant association (r = 
0.51, p = 0.037) of increasing effective connectivity from the ACC towards the left DLPFC 
and increasing accuracy in the PASAT was observed.  
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TABLE 3.3 Mean and standard deviations (SD) of the DCM parameter estimates of the 
optimal DCM, including effective connectivity, driving inputs and modulation of intrinsic 
connections in healthy controls subjects and MS patients. P values are shown for between-
group comparisons. 
 
 
 
†† Indicates between-group differences and * indicates significantly greater than zero 
within-group (p < 0.05 corrected for multiple comparisons). ‡ Indicates between-group 
differences at p < 0.05 uncorrected for multiple comparisons. 
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DISCUSSION  
The current study provides the first investigation of effective connectivity in the 
working memory system in MS patients without clinical disability. Current results suggest 
that these patients engage similar functional networks as those used by healthy control 
subjects when performing the 2-back task. In addition, conducting this task resulted in no 
alterations in the functional interaction of prefrontal and parietal cortical regions. The only 
group difference identified was the greater influence on the rate of change in the activity of 
the left DLPFC in response to the 2-back task in patients compared to control.   
DCM was recently developed as an approach to understanding functional brain 
interactions and aimed to overcome the limitations of previous similar approaches (Friston 
et al. 2009a). Its application to the study of brain function in clinical populations has 
increased rapidly (Friston et al. 2009a; Seghier et al. 2010) along with improvements to 
optimize its appropriate implementation. The approach taken in the current study was aimed 
at overcoming the limitations of previous clinical studies using DCM such as using an 
arbitrarily defined network model or choosing the optimal model for patients based on data 
from the control group (Seghier et al. 2010). To avoid relying on a predefined working 
memory model, multiple DCMs were systematically constructed to find an optimal model 
that can best explain the observed fMRI data. Because patients and controls may use 
different brain networks when performing cognitive tasks, BMS was performed in each 
group separately. This approach provides additional valuable information because it allows 
inferences at a systems level of whether patients may not only have altered connectivity 
within a functional network but whether they use a different network altogether. The nodes 
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used in the DCMs were carefully chosen to limit within and between group variability and 
avoid comparing functionally different brain areas.  
 
Model Selection  
The systematic comparison of the constructed DCMs favored in both groups the 
model in which the 2-back task directly influences activation of left DLPFC and modulated 
the forward connection from this region to ACC. The evidence supporting this model was 
substantially greater for MS patients than for control subjects, which also favored an 
alternative model involving frontoparietal modulation. These results can be interpreted as 
indicating that the functional neural architecture when performing working memory task is 
similar between non-disabled MS patients and healthy controls. However, a neurofunctional 
network in which the 2-back task modulates the prefrontal-cingulate interaction is favored in 
patients more than in controls. These results also highlight the heterogeneity of functional 
networks in healthy populations. 
Additionally, the current BMS results provide insight into the roles of the DLPFC 
and ACC within the architecture of the cognitive control system. As discussed in chapter 2, 
the specific roles of the DLPFC and ACC in cognitive control, particularly in conflict 
monitoring, are controversial (Botvinick et al., 2001; Carter et al., 2007, Mansouri et al., 
2009, Morishima et al., 2010). Earlier models suggested that ACC recognizes conflictive 
information and signal the DLPFC to resolve such conflict (Botvinick et al., 2001; Carter et 
al., 2007). Recent studies favored a contrasting model in which conflict is recognized by the 
DLPFC and behavioral adjustment results from the interaction between both regions 
(Morishima et al., 2010).  While the N-back task is not a paradigm designed for testing 
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conflict monitoring, its requirements for high level of attention, identification of changing 
information and behavioral adjustment are similar to the demands of tasks for conflict 
monitoring. Under this assumption, the model favored in this study involving the 2-back 
task-dependent modulation of the connection from left DLPFC to ACC favors the model 
proposed by Morishima et al. (2010) because this model suggests that performance of this 
task results in a greater influence of DLPFC over ACC, rather than the other way round.  
 
Group Differences 
 Analysis of effective connectivity values within each group is consistent with the 
notion that patients and controls have similar neurofunctional architecture when performing 
the 2-back task. Positive effective connectivity was observed in similar regions in both 
groups. The greatest increases in effective connectivity in both groups were observed in the 
forward connections of the left DLPFC and the ACC, with largest value involving the 
connection from the left DLPFC to left PPC in both groups. Interestingly, this same 
connection was the only one with a lower value in patients compared to controls, without 
Bonferroni correction. Absence of alterations in prefrontal effective connectivity when 
performing the 2-back task could be seen as unexpected given the increase right DLPFC and 
ACC activation that patients showed when performing this task. However, it is possible that 
increase activity within those regions may be what allows patients to maintain normal levels 
of effective connectivity within this network and normal performance of the task.  
Our results disagree with those of a recent DCM study of brain networks involved in 
the Stroop attention task in MS patients with low disability (Rocca et al. 2009). These 
authors found increased effective connectivity of sensorimotor regions to right prefrontal 
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regions and decreased connectivity to ACC during Stroop performance. These discrepant 
results may relate to several factors including the differences in the cognitive processes 
involved in each task since the Stroop task has a greater attention and lower working 
memory demands than the 2-back task. Additionally, the network modeled in this study 
included sensorimotor and cerebellar regions that were not included in our models. Finally, 
the patients participating in that study had greater disability and longer disease duration than 
our patients, which may contribute to the observed altered connectivity not seen in the 
current patient group.  
The only DCM parameter showing significant between-group differences in this 
study was that the 2-back task resulted in greater driving input of the left DLPFC in patients 
compared to controls. This finding signifies that patients undergo a greater rate of change in 
the activity of the left DLPFC when performing this task, which may contribute to the 
normal effective connectivity observed within the network. This greater rate of change of 
the left DLPFC may be what drives the increase recruitment of the right DLPFC and ACC 
observed during fMRI activation studies during the performance of this task. Overall, this 
finding is consistent with the idea that increase functional recruitment of the cognitive 
control system is an important compensatory mechanism in MS patients.  
 
Regression Analysis  
Effective connectivity from the ACC to the left DLPFC correlated positively with 
PASAT accuracy. This finding is interesting but difficult to interpret because the effective 
connectivity values relate to 2-back task and not the PASAT, which was performed prior to 
imaging. However, it suggests that increase in the functional interaction in these regions 
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may be important when performing other cognitively demanding tasks and again highlights 
the importance of prefrontal-cingulate interaction when patients perform cognitively 
demanding tasks. 
 
Conclusions  
In conclusion, the current studies suggest that patients with MS without clinical 
disability use similar functional networks and have similar interactions within the brain 
regions forming these networks when performing working memory tasks as those of healthy 
control subjects.  
 
Limitations  
The current study had several limitations. First, the N-back paradigm used in this 
study involved only one level of complexity. Testing patients during greater cognitive 
demands may reveal connectivity changes otherwise not detected with the 2-back task. In 
order to maintain a medium level of complexity, only 5 core regions of the working memory 
system were included in the DCMs tested. The possibility that more complex models may 
more accurately reflect the underlying neuronal events during this task cannot be excluded. 
Another limitation in the models tested was that only linear influences of the 2-back 
condition on single intrinsic connections were tested. The performance of 2-back task may 
have simultaneous influence in the connectivity of more than one intrinsic connection and 
may occur in a nonlinear fashion.  
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CHAPTER 4 
 
STRUCTURAL CONNECTIVITY IN NON-DISABLED   
MULTIPLE SCLEROSIS PATIENTS 
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INTRODUCTION 
 
While cortical reorganization appears to be a mechanism limiting disability in MS 
patients, several studies show that damage to the brain white matter (WM) beyond that seen 
in conventional MRI is an important contributor to clinical disability in MS (Fox 2008;  
Hasan et al. 2005; Raz et al. 2010). Specifically, several studies using DTI suggest that 
cognitive dysfunction in MS results from a disconnection syndrome caused by injury to 
functionally relevant WM tracts (Calabrese and Penner 2007, Dineen et al. 2009). DTI is an 
MRI technique sensitive to microstructural alterations of the WM and therefore provides 
information about structural connectivity between cortical regions.  
The findings from the current fMRI studies and several published reports 
demonstrated increased activation in the prefrontal cortex (PFC) in MS patients compared to 
controls when performing working memory tasks (Audoin et al., 2003, 2005; Audoin et al., 
2008; Bobholz et al., 2006; Forn et al. 2007 Staffen et al., 2002; Sweet et al., 2004). 
However, whether these alterations in cortical activation in MS patients are purely 
compensatory continues to be debated. While some studies show that increased PFC 
recruitment by patients results in equivalent task performance to that of controls (Forn et al. 
2007, Sweet et al. 2004), others observed decreased performance despite increased PFC 
recruitment (Hillary et al. 2003, Chiaravalloti et. al 2005, Penner et al. 2003). In patients 
increased cortical recruitment during a given task may not result in optimal performance if 
axons transmitting those neural signals are severely impaired. Therefore, indentifying the 
structural connectivity of regions showing increased functional recruitment may determine 
their compensatory value and whether their recruitment indeed results in improved 
behavioral performance.   
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Against this background, we investigated the integrity of major WM tracts in the 
current group of MS patients. The major goals of this study were twofold: 1) to assess the 
integrity of major WM tracts in these patients and 2) to determine the relation between 
integrity of functionally-relevant fiber tracts and functional activation and effective of 
cognitive control regions. Given the findings of increased cognitive control recruitment and 
normal performance and effective connectivity during the 2-back task observed in the 
current patients, it was hypothesized that they would have preserved  structural connectivity 
within the superior longitudinal fasciculus (SLF), which connects regions facilitating 
working memory function (Karlsgodt et al. 2008).  
DTI parameters including FA, MD, AD and RD within major association, 
commissural and projection WM tracts were obtained. FA quantifies anisotropy, or the 
directionality of water diffusion, and reflects the degree of alignment and integrity of fiber 
tracts and can range from 0 to 1 (0 = isotropic or no preferential diffusion, 1 = 
unidirectional). MD, which is independent of diffusion direction, reflects overall diffusion 
within a structure reflecting integrity of cellular components. Diffusion perpendicular (RD) 
and parallel (AD) to the main fiber tract, can provide greater pathological specificity than 
FA or MD (Hasan and Narayana 2006; Song et al. 2005). There is some evidence that 
demyelination preferentially increases RD while reduced AD is more related to acute axonal 
injury (Herrera et al. 2008; Klawitter et al. 2011; Narayana et al. 2010; Song et al. 2005; Xu 
et al. 2008). These parameters were obtained within the aforementioned tracts using a DTI-
based fiber tractography (DTT) approach. To confirm and complement the results from the 
DTT studies, a non-hypothesis driven whole brain analysis of FA across major WM tracts 
was performed using TBSS (Smith et al. 2006).  
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MATERIALS AND METHODS 
Data preprocessing  
The current studies were conducted using the diffusion weighted images (DWI) 
acquired as described in chapter 1. Preprocessing of DWI data was performed using FSL 
version 4.1 (Smith et al., 2004). Data were first visually inspected and volumes with large 
artifacts such as severe subject motion were removed from analysis. Images were then 
corrected for eddy current distortions and simple head motion by affine registration to a 
volume without diffusion gradient using FSL Diffusion Toolbox. Subsequently, volumes 
were stripped of extrameningeal tissues using FSL Brain Extraction Tool (Smith et al., 
2002) with an extraction factor of 0.2 to 0.3.   
 
DTI Tractography Analysis  
Preprocessed DWI data were used to identify major WM tracts using DTT. 
Tractography methods utilize DTI information regarding the directionality of diffusion to 
estimate the most likely fiber orientation within each voxel in the brain. Comparing the fiber 
orientation from voxel to voxel, algorithms are used to infer continuity of fibers and 
reconstruct WM pathways. The tractography procedure in this study was performed using 
DTI Studio software (Johns Hopkins University, Baltimore, Maryland) based on the Fiber 
Assignment by Continuous Tracking (FACT) algorithm (Mori et al. 2002; Jiang et al. 2006). 
The tracking procedure was initiated from all voxels in the brain (brute-force) and was 
interrupted in areas with values of FA lower than 0.2, which reflect areas of low 
directionality and unlikely to contain organized WM fiber bundles. The procedure was also 
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stopped when the algorithm took bends between two voxels lower than 60°, which reflect 
unlikely sharp fiber turns or a jump to an unrelated fiber tract. 
Once fibers have been tracked from all the voxels in the brain, a rater drew a region-
of-interest (ROI) in specific brain regions that allows isolating only the reconstructed fibers 
passing though that ROI. In the current study, we followed a protocol developed to isolate 
major WM tracts using a multiple ROI approach that has been validated for reproducibility 
at the inter-rater and inter-institutional level (Wakana et al. 2007). An example using this 
approach to segment the CST tract is described in figure 4.1. Tractography of the tracts of 
interest was performed by two raters who were blind to the subject’s group and identity. 
Inter-rater reliability was evaluated using Bland-Altman bias analyses.  
The protocol used provides specific locations to draw ROIs to facilitate isolating 
specific tracts and reduce the inter-rater variability in ROI placement. However, this 
protocol does not specify the sizes for the ROIs, which can introduce rater bias. To address 
this issue, one of the raters conducted preliminary reconstruction of all the tracts of interest 
in several subjects and optimized the maximum and minimum size of ROI1 and ROI2 that 
resulted in consistent reconstruction of each tract of interest.  
The following WM tracts were reconstructed. Commissural fibers included those 
connecting the occipital lobes via the splenium of the corpus callosum, or forceps major 
(FMaj) and those connecting the frontal lobes via the genu of the corpus callosum, or 
forceps minor (FMin). Association tracts included bilateral inferior longitudinal fasciculi 
(ILF), bilateral inferior fronto-occipital fasciculi (IFOF), and bilateral SLF. Projection tracts 
included bilateral corticospinal tracts (CST). Tractography was performed in the subject’s 
native space to minimize the effects of template misalignment from registration procedures.  
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The mean values of all the DTI parameters (FA, MD, RD and AD) were calculated 
from all the voxels within the volume of the segmented tracts. In cases where the 
reconstructed fiber tracts yielded anatomically incorrect pathways, the values from that tract 
were excluded from further analysis. Data was evaluated for normal distribution with the 
Saphiro-Wilk test. Comparison of group means for the diffusion parameters was 
accomplished by unpaired two-tailed t-tests for parametric data and the Mann-Whitney U-
test for nonparametric data. Resulting p values were corrected for multiple comparisons 
using Bonferroni correction.  
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Figure 4.1 Illustrative figure of the segmentation of the corticospinal tract (CST) using DTI-
based fiber tractography and an established protocol (Wakana et al. 2007). The first region 
of interest (ROI) is drawn on an axial color-coded FA map in the cerebral peduncle at the 
level of the decussation of the superior cerebellar peduncle (DSCP) (a and b). The central 
sulcus (CS) and the fiber projections to the motor cortex are identified in a superior FA map. 
A second ROI is drawn in the axial slice after the bifurcation of the motor and sensory 
cortex to isolate the CST (c and d). A third ROI can be drawn to exclude fibers that may not 
appear to belong to the CST such as cerebellar peduncle fibers (d). Final segmented tract is 
shown in (e). Red, green, and blue in the color-coded FA maps, represent fibers running 
along the right-left, anterior-posterior, and superior-inferior orientations, respectively.  
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Figure 4.2 Representative figures of segmented fiber tracts. Tracts are shown in red and are 
overlaid on color-coded FA brain maps. Red, green, and blue in the FA maps, represent 
fibers running along the right-left, anterior-posterior, and superior-inferior orientations, 
respectively.  
65 
 
Tract-Based Spatial Statistics Analysis  
TBSS (Smith et al., 2006) is a recently developed technique that allows non-
hypothesis driven and rater-independent voxel-wise group analysis of DTI data. The 
approach involves an optimized registration procedure of subjects FA maps to a template 
with a subsequent projection of these FA maps to a mean “skeleton” group FA map which 
guides between-group statistical analysis of FA values at each voxel (voxel-wise) within the 
skeleton.  
This analysis was conducted using TBSS version 1.2 (Smith et al., 2006) and various 
modules within FSL. The first step involved generating FA maps from the preprocessed 
DWI data using the DTIFIT module. Subsequently, FA maps for each subject were aligned 
to the Montreal Neurological Institute (MNI) template using nonlinear registration (Rueckert 
et al., 1999) to allow for between-group comparison. Next, a mean FA image was calculated 
(Fig 4.3a) and then thinned to create a mean FA “skeleton” which represented the centers of 
all tracts common to all subjects (Fig. 4.3b). A threshold of FA > 0.3 was used to exclude 
non-skeleton voxels because lower thresholds resulted in the inclusion of voxels that appear 
outside WM regions. Each subject's aligned FA map was then projected onto this skeleton 
and the resulting data was subjected to a voxel-wise between-group statistical analysis. 
Regions of group differences in FA within skeleton voxels were obtained by two sample t-
test thresholded using threshold-free cluster enhancement (Smith, 2009) at p < 0.05, after 
correction for multiple comparisons controlling for family-wise error (FWE) rate. 
Anatomical labeling was subsequently accomplished by overlaying the Johns Hopkins 
University International Consortium for Brain Mapping (JHU ICBM)-DTI-81 WM atlas 
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(Mori et al., 2008) on the FWE-corrected statistical map of significant between-group 
differences.   
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Figure 4.3 Mean FA map (a) and FA skeleton (b) use to conduct TBSS analysis between 
MS and controls subjects. Areas included in the skeleton are shown in green and are 
overlaid on the mean FA. Brighter areas in (a) represent regions of high anisotropy due to 
high directionality in water diffusion.  
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Correlation between DTI, DCM, fMRI and behavioral measures.   
Regression analysis using Spearman’s rank correlation coefficient was performed for 
the patient group to examine associations between the measures of brain activation obtained 
from the N-back fMRI study described in chapter 2, brain functional integration from the 
DCM study described in chapter 3, measures of cognitive performance and WM integrity 
parameters within the SLF. The measures utilized for these analyses included MD, RD, AD, 
and FA within the SLFs, effective connectivity values within prefrontal regions during the 
performance of the 2-back task, accuracy and reaction time during the 2-back task and 
accuracy during the PASAT, and activation levels (% whole BOLD signal) in regions of 
increased recruitment within the right dorsolateral prefrontal cortex (DLPFC) and anterior 
cingulated cortex (ACC) during the performance of the 2-back task. These analyses were 
conducted using Stata 10.0. Because of the multiple correlations performed, only 
coefficients > 0.5 (p < 0.02) are reported.  
 
RESULTS 
Subjects 
One control subject was excluded from all the analyses due to severe motion artifacts 
and three others because they underwent a different DWI sequence. The final analyses 
consisted of 20 patients and 19 controls. DTI parameters were excluded from analyses for 
one control subject for the bilateral ILF and left IFO and for one patient for the left IFO 
because the segmented tracts were anatomically incorrect.  
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DTI-based Tractography Analysis  
Inter-rater reproducibility for diffusion parameters obtained from fiber tracking was 
excellent as determined by Bland-Altman bias analyses (Fig. 4.4). Group comparison of 
diffusion parameters within major tracts obtained through DTT yielded differences in 
several WM tracts (Table 4.1 and 4.2). A significantly decreased FA in patients compared to 
controls was observed in the forceps minor (p = 0.022) and the left ILF (p = 0.015). Patients 
also showed increased RD in the forceps minor (p = 0.021), right (p = 0.029) and left (p = 
0.018) ILF and left IFOF (p = 0.010).  MD was higher in patients than controls in the right 
ILF (p = 0.03) and left IFO (p = 0.021). AD was not significantly different between patients 
and controls in any of the tracts. The following trends (p < 0.07) were observed; increased 
MD in the F-Maj, right IFO and right CST, decreased FA in the left IFO and increased AD 
in F-Maj in the patient group.  
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FIGURE 4.4 Bland-Altman bias plot of MD values from the 39 subjects within the right 
corticospinal tract. The X-axis represents the mean of the two raters, considered to be the 
truth, and the Y-axis represents the difference (bias) between the two raters. A linear 
regression least-squares fit curve did not identify a trend between the two raters. 
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Table 4.1 Fractional anisotropy (FA), radial diffusivity (RD) (x 10
-3 
mm
2
 s
-1
), axial diffusivity (AD) (x 10
-3
 mm
2
 s
-1
) and mean 
diffusivity (MD) (x 10
-3
 mm
2
 s
-1
) of commissural and projection fiber tracts in controls healthy subjects (CS) and multiple sclerosis 
patients (MS). 
 
 
R = right hemisphere, L = left hemisphere, SD = standard deviation, FMin = forceps minor of the corpus callosum, FMaj = forceps 
major of corpus callosum, CST = corticospinal tract, * = p < 0.05 (corrected for multiple comparisons).  
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Table 4.2 Fractional anisotropy (FA), radial diffusivity (RD) (x 10
-3
 mm
2
 s
-1
), axial diffusivity (AD) (x 10
-3
 mm
2
 s
-1
) and mean 
diffusivity (MD) (x 10
-3
 mm
2
 s
-1
) of association fiber tracts in controls healthy subjects (CS) and multiple sclerosis patients (MS). 
 
 
 
R = right hemisphere, L = left hemisphere, SD = standard deviation, ILF = inferior longitudinal fasciculus, IFOF = inferior fronto-
occipital fasciculus, SLF = superior longitudinal fasciculus, * = p < 0.05 (corrected for multiple comparisons).  
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TBSS Analysis 
The voxel-wise group comparison of FA within major WM tracts identified multiple 
regions of decreased FA in patients compared to controls (Fig. 4.5). Decreased FA was 
observed extensively within the body of the corpus callosum. Involvement within the 
callosal fornices included the body of the forceps minor and mid-body and tails of the 
forceps major. Patients also showed increased FA in the bilateral IFOF and ILF with greater 
contribution of left posterior regions. Minor involvement of bilateral CSTs was observed 
around the level of the body of the corpus callosum. There was minimal involvement of the 
left anterior thalamic radiation and SLF. No regions were identified in which patients had 
higher FA than controls. 
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Figure 4.5 Results of the TBSS analysis between MS patients and control subjects. Areas of 
reduced FA in patients compared to controls (p < 0.05, corrected) are shown in red-orange 
and are overlaid on the MNI template brain and the mean FA skeleton mask (green). Red-
orange color scale represents the alpha level (1 − p). 
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Multi-modal correlations 
An association of increasing MD within the right SLF and increasing % whole brain 
BOLD within areas of increased recruitment in the right DLPFC (r = − 0.533, p = 0.016) 
was observed. Decreasing FA within the right SLF was associated with increasing PASAT 
accuracy (r = − 0.522, p = 0.032) and increased effective connectivity from right DLPFC (r 
= −0.596, p = 0.006) and ACC (r = −0.574, p = 0.008) towards the left DLPFC. Increasing 
MD within the left SLF was associated with decreasing activation in the right DLPFC (r = − 
0.627, p = 0.003). 
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Table 4.3 Spearman's rank correlation coefficient between mean diffusivity (MD) and 
fractional anisotropy (FA) in patients within the right and left superior longitudinal 
fasciculus (SLF) and performance during the 2-back task and the PASAT, % whole brain 
BOLD within regions of increased fMRI activation during the performance of the 2-back 
task and effective connectivity (EC) of prefrontal regions during the performance of the 2-
back. Only correlations with coefficient > 0.5 and p < 0.02 are shown.  
 
 Right SLF Left SLF 
      
Behavioral Tasks MD  FA  MD  FA  
2-Back Accuracy         
2-Back Reaction Time         
PASAT   0.522     
fMRI-BOLD         
R-DLPFC  -0.533   -0.627   
ACC         
DCM-EC         
R-DLPFC → L-DLPFC    0.596     
R-DLPFC → ACC          
L-DLPFC → R-DLPFC          
L-DLPFC → ACC          
L-DLPFC → ACC          
ACC → R-DLPFC          
ACC → L-DLPFC    0.574     
 
 
R = right, L = left, DLPFC = dorsolateral prefrontal cortex, ACC = anterior cingulate cortex. 
Arrows symbolize the direction of the intrinsic connection modulated by the 2-back task. 
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DISCUSSION 
During the current studies, the microstructural integrity of major WM tracts was 
investigated in MS patients without clinical disability. Based on their cognitive performance 
and pattern of cortical function during the 2-back task, we predicted that these patients will 
have preservation of integrity of SLF. We tested this hypothesis by using DTI-based fiber 
tractography and TBSS. The main findings of these studies are that these patients have 
substantially altered diffusion measures within the corpus callosum and fiber tracts within 
inferior and posterior regions of the brain including bilateral ILF and IFOF. A less severe 
involvement was observed within the bilateral CST and SLF. Decreased integrity of the 
right SLF was associated with decreased cognitive performance and decreasing functional 
integration within the prefrontal cortex. Decreased integrity in bilateral SLF was associated 
with decreased activation in areas within the right DLPFC where patients showed increased 
recruitment during the 2-back task. 
By combining DTT and TBSS to assess diffusion properties within major WM tracts 
of the brain, we aimed to reduce the limitations associated with each approach. To reduce 
the effects of template misalignment and account for inter-individual differences in tract 
anatomy, tractography was performed in each subject’s native image state. Moreover, 
because the TBSS skeleton can be very thin in certain regions, ranging from one to only a 
few voxels, the volumes analyzed within each tract can be smaller than their real size. To 
reduce rater bias associated with the ROI-based approaches, we implemented a validated 
protocol for the reconstruction of major WM tracts (Wakana et al. 2007). TBSS analysis has 
the advantage of being automated, rater-independent, non-hypothesis driven and voxel-wise. 
This approach allows the direct group comparison of FA in a representative skeleton of WM 
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tracts of the whole brain (Smith et al. 2006). Overall, we observed good agreement between 
the results of both methods. However, the TBSS analysis detected subtle differences as those 
seen in the CSTs and SLFs that were not detected with the DTT approach. This is possibly 
due to the averaged metrics of all the voxels of the entire fiber tract volume provided by the 
DTT method compared to the voxel-wise approach used in TBSS.  
Chronic demyelination and axonal degeneration associated with MS result in an 
overall reduction in anisotropy within WM. Consistently, we also observed increased MD in 
patients, reflecting decreased barriers to overall diffusion, decreased FA, reflecting 
decreased directionality within the WM and decreased RD, reflecting increased diffusion 
perpendicular to the main white matter tract.  Consistent with previous DTI studies in MS 
patients with low disability (Kern. Et al 2009, Giorgio et al. 2010), decreases in FA were 
associated with increases in RD, which suggests that the diffusion changes observed in these 
patients are more related to demyelination than acute axonal damage. Overall, the diffusion 
alterations observed in the current studies signify a decreased in the integrity of WM. The 
following sections address the topographical distribution of these changes.  
 
Corpus Callosum and Inferior Tracts  
Consistent with previous studies in MS patients with low disability, we found altered 
diffusion measures within the corpus callosum using both DTT and TBSS (Raz et al. 2009, 
Rocca et al. 2009). Diffusion changes were more apparent in the forceps minor than in the 
forceps major as reflected by the increased FA and increased RD observed in the former but 
not the latter. These findings may be related to lower myelination of anterior callosal tracts 
compared to posterior ones as suggested by prior DTI studies (Hasan et al. 2010), which 
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may render them more susceptible to demyelination and axonal injury associated with MS 
(Schmierer et al. 2007).  
 Severe alteration in diffusion measures was observed by both methods in bilateral 
ILF and IFOF. These findings are consistent with previous DTI studies in patients with MS 
and low disability (Ceccaralli et al. 2008, Raz et al. 2009, Rocca et al. 2009). The ILF and 
IFOF are bundles with extensive involvement in the transfer and processing of visual stimuli 
(Catani et al. 2003, Schmahmann et al. 2007). While none of the patients had severe 
compromise of visual function, it is possible that these abnormalities may have resulted in 
subtle visual changes not identifiable during a neurological examination or EDSS scoring.  
 
Corticospinal Tracts  
The CST contains primarily motor axons that are relevant to motor function. Its 
damage results in higher disability as measured by the EDSS, which is mainly weighted 
towards motor function. In fact, it has been suggested that the chronic degeneration of this 
tract may be the pathological substrate for the progressive stage of MS (Kremenchutzky et. 
al 2006). While only a trend of increased MD in the right CST was detected with DTT, 
TBSS analysis shows that decreased FA was limited to the cerebral peduncles bilaterally. 
We interpret these findings as a relatively limited involvement of the CST in these patients 
who had no motor function deficits as detected by the nine hole peg test (Table 1.1). In line 
with these findings, Pagani et al. 2005 found that CIS patients with CIS motor symptoms 
had greater MD within the CST than those without it. When compared to controls, patients 
without motor symptoms showed a limited increase in MD but a more pronounced increase 
was observed for those with motor symptoms.  
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Superior Longitudinal Fasciculi  
The SLF forms an extensive network serving multiple higher cognitive functions 
including language, complex motor function, spatial attention, information retrieval, and 
working memory (Markis et al. 2005). Analysis using tractography did not detect between 
group differences in diffusion parameters within the SLF, and the TBSS analysis showed 
decreased FA in limited regions. Our findings are in partial disagreement with those of Raz 
et al. (2009) who studied a group of 34 CIS patients using TBSS. These authors found 
decreased FA in majority of WM tracts studied and while the greatest involvement was 
noted in the corpus callosum and CSTs, they also observed extensive involvement of the 
SLF. While patients were possibly in the early phase of the disease, the range of disability of 
patients in that study was broader than in the current study, which may explain in part the 
differences in our findings. In addition, all the patients in that study underwent MRI within 3 
months of the clinical attack, which presumably was associated with active inflammatory 
lesions that may have altered diffusion metrics.  
The relative preservation of integrity within the SLF in the current group of patients 
may be an important contributor to their overall conserved level of function. This may be 
related to the importance of this tract in many high level cognitive processes. Consistent 
with this idea, we observed an association between decreased integrity within the right SLF 
and decreased cognitive performance on the PASAT. In line with these findings, other 
authors have also observed similar associations of diffusion measures within SLF and 
PASAT performance in MS patients (Dineen et al. 2009, Heccke et al. 2010). 
To further understand the association of structural connectivity and behavioral 
performance between SLF integrity and PASAT performance, we correlated fMRI signal in 
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regions within the right DLPFC and bilateral ACC where patients show increased activation 
when using their working memory. An association between compromised integrity within 
the right SLF and decreasing activation within the right DLPFC was observed. This finding 
signifies that compensatory functional recruitment within the right DLPFC when performing 
cognitive tasks diminishes as greater damage is incurred to tracts that transmitting its 
signals. This may be related to an overall decrease in information flow to the DLPFC from 
other regions of the brain. 
We found that decreased integrity of the right SLF was not only associated with 
decreased right DLPFC recruitment but also with its effective connectivity to the left 
DLPFC. Decreased right SLF integrity was also associated with decreased effective 
connectivity from ACC to the left DLPFC. Interestingly, the right DLPFC and ACC were 
the main regions which showed increased recruitment when patients performed the working 
memory task. On the other hand, the left DLPFC showed greater driving input in patients 
when performing this same task.  
While these associations should be interpreted with caution given the small sample 
size, the following mechanism can be suggested that could explain these relations. 
Compromised right SLF integrity may result in a decrease in the information flow to the 
right DLPFC and therefore its recruitment by patients when performing demanding 
cognitive tasks. Diminished recruitment of the right DLPFC may result in decrease in 
effective connectivity from right DLPFC to the left DLPFC. Given the crucial role of the left 
DLPFC as a driving region during working memory tasks, decreased right to left DLPFC 
coupling may in turn result in suboptimal function of the left DLPFC and diminished 
performance during cognitive demands.  
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Conclusion 
The current study indicates that patients with MS without clinical disability have 
substantial alterations in callosal, inferior and posterior WM regions and less pronounced 
involvement of the CSTs and SLF. Decreased WM integrity within the right SLF in MS 
patients without clinical disability is associated with decrease in cognitive performance, 
prefrontal cortical recruitment and functional integration when performing cognitive tasks.  
 
Limitations 
While this study is an important step towards better understanding the topographical 
distribution of WM damage in non-disabled MS patients and the relation of SLF integrity to 
prefrontal cortex function, it is not without its limitations. Areas of very low FA such as 
those with edema or lesions may have resulted in altered or interrupted fiber tracking. This 
effect may have been minimal as we did not detect significant differences in number of 
fibers tracked between patients and controls in any of the tracts. As previously mentioned, 
the small sample size of the current studies limits the generalization of these results. Finally, 
given the homogeneity in disability of the current group of patients, the findings of the 
regression analyses may not be applicable to other patient groups such as those with higher 
disability.  
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CHAPTER 5 
CONCLUSIONS AND FUTURE DIRECTIONS  
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We have learned over the last decade that an important mechanism allowing MS 
patients to preserved function despite MRI-defined brain damage may be related to their 
ability to increase cortical recruitment when performing tasks. This knowledge has come 
primarily from functional neuroimaging studies examining brain activation in groups of MS 
patients performing motor or working memory tasks. While these studies have uncovered a 
promising and exciting adaptive ability of the adult nervous system, they have also only 
provided a partial picture of the underlying brain mechanisms that allow this phenomenon to 
occur.  
 The current studies aimed to advance our understanding of cortical reorganization in 
MS patients. These studies were undertaken in a group of patients without clinical disability 
because cortical reorganization is well characterized in these patients and more importantly 
because they are more likely to respond to therapeutic intervention. We first investigated 
whether MS patients increase recruitment of common brain cortical regions when 
performing tasks using different functional systems. Based on the expectation that cognitive 
processes result from the interaction of brain regions and not isolated brain activity, we then 
assessed the functional interaction of brain regions of the working memory system during 
the performance of demanding cognitive task. Finally, we investigated the integrity of major 
white matter tracts in these patients, which provide the physical structures for 
communication with remote brain regions and allow for their functional interaction.  
To answer the first question, we conducted fMRI studies to investigate the patterns 
of activation of MS patients without clinical disability during the performance of sensory, 
motor and cognitive tasks. The results from these studies demonstrated that these patients 
increased activation of the right DLPFC and ACC during the performance a working 
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memory task and during non-dominant hand movements. These results support the growing 
evidence for increased functional recruitment of cognitive control brain regions in the 
working memory system of MS patients with low disability and provided new evidence for 
its role in the motor system.  
Using DCM, we then investigated the functional interaction of cognitive control 
regions in these patients during the performance of a working memory task. These results 
indicated that non-disabled MS patients engage similar functional networks to those used by 
healthy control subjects when performing the n-back task. In addition, no alterations in the 
effective connectivity of prefrontal and parietal cortical regions occur when they performed 
this task. Finally, this study suggested that working memory tasks have greater influence on 
the activity of the left DLPFC in patients than controls supporting the importance of 
cognitive control recruitment in these patients. 
 Finally, we investigated the structural connectivity in the brain in these patients by 
assessing the integrity of major white matter tracts. The structural connectivity studies 
indicated that patients with MS without clinical disability have substantial alterations in 
callosal, inferior and posterior white matter regions, but less pronounced involvement of the 
corticospinal and superior longitudinal tracts. Furthermore, to gain a more complete 
understanding of cortical reorganization in MS patients, we then correlated information 
gained from the three types of studies conducted in this project. Correlations from this 
analyses suggested that decreased white matter integrity within the right SLF in non-
disabled MS patients is associated with decrease performance, and prefrontal cortical 
activation and functional integration when performing cognitive tasks.  
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In summary, these studies suggest that patient with MS without clinical disability 
increase the recruitment of the cognitive control system across functional domains and rely 
on a preserved functional and structural architecture to perform cognitive demanding tasks.   
In addition these studies show the potential of combining brain activation and functional 
integration data from fMRI and structural connectivity data from DTI to improve our 
understanding mechanisms of brain adaptation in neurological diseases. 
While the current studies have several limitations including the small sample sizes 
and its cross-sectional nature, they provide future direction for studies aimed to improve 
therapeutic and diagnostic interventions in MS patients.  Given the important role that 
recruitment of the cognitive control system has when patients perform various tasks, future 
clinical interventions may focus to increase cognitive control in MS patients. Current 
advances in imaging technology may allow monitoring efficiency of cognitive control 
recruitment while patients undergo rehabilitation and provide feedback to increase use of the 
cognitive control system. Evaluation of cognitive control recruitment may allow 
identification of patients at higher risk for developing cognitive and clinical deficits. Finally, 
this knowledge opens a window to the possibility of enhancing cognitive control through 
emerging therapeutic interventions such as repetitive transcranial magnetic stimulation 
(rTMS), which has provided encouraging results in MS (Koch et al., 2008) and other 
neurologic diseases (Padberg and George 2009; Ridding et al., 2007). 
 While techniques and approaches to assess the functional interaction of brain regions 
are still in their infancy and continue to be improved, they offer great potential to gain a 
more complete understanding of loss of function in MS patients. Measuring effective 
connectivity of brain regions, in particular within the prefrontal cortex, may complement 
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conventional surrogates of disease burden such as T2 lesion load. Improved knowledge 
about the specific mechanisms underlying adaptive brain processes in MS patients, 
especially in those without disability, may help guide therapeutic interventions of the future. 
For instance, if interventions target increasing the activation of specific cortical regions (e.g. 
behavioral, pharmaceutical, rTMS), identifying whether these therapies results in increased 
or decreased interaction between brain regions would be very valuable. This would allow 
determining if the interventions ultimately result in beneficial or adaptive connectivity 
among regions. Grefkes et al. (2010) have begun testing these ideas in victims of damage to 
the motor cortex from stroke. Using rTMS to inhibit the neuronal activity of selected motor 
regions, they have shown an improvement in motor performance in those patients who 
underwent this treatment. They concurrently used fMRI and DCM to study effective 
connectivity during this procedure. Interestingly, they found behavioral improvements 
correlated with effective connectivity of the stimulated regions.   
 Measuring structural connectivity and white matter integrity within specific 
functionally-relevant tracts have demonstrated their great diagnostic potential. Recent 
evidence has shown that RD (associated to demyelination) within transcallosal hand motor 
fibers was able to predict hand motor function decline over a period of one year (Kern et al. 
2011). Studies based on RD in the optic nerve have also shown promising results to monitor 
visual recovery in MS patients suffering optic neuritis (Naismith et al. 2010). Our study 
provides support for the crucial role that SLF may have in the preservation of function in 
patients with MS. Future studies further examining this association may help determine the 
potential prognostic value that measures of integrity within this tract may have. In addition 
measuring the integrity of specific tracts may help guide interventions targeted to improve 
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the functional interaction of brain networks. Identifying severe disruption of fiber integrity 
within particular regions may help guide the selective enhancement of functional networks 
at different sites with better structural connectivity. Such approaches would involve 
customized therapeutic interventions.  
 
 
 
 
 
 
 
 
 
 
 
89 
BIBLIOGRAPHY 
Adler, R.J., 1981. The Geometry of Random Fields. John Wiley & Sons, Chichester. 
 
Audoin B, Ibarrola D, Ranjeva JP, Confort-Gouny S, Malikova I, Ali-Chérif A, Pelletier J, 
Cozzone P. Compensatory cortical activation observed by fMRI during a cognitive task at 
the earliest stage of MS. Hum Brain Mapp. 2003 Oct;20(2):51-8. 
 
Audoin B, Reuter F, Duong MV, Malikova I, Confort-Gouny S, Cherif AA, Cozzone PJ, 
Pelletier J, Ranjeva JP. Efficiency of cognitive control recruitment in the very early stage of 
multiple sclerosis: a one-year fMRI follow-up study. Mult Scler. 2008 Jul;14 (6):786-92. 
 
Au Duong MV, Boulanouar K, Audoin B, Treseras S, Ibarrola D, Malikova I, Confort-
Gouny S, Celsis P, Pelletier J, Cozzone PJ, Ranjeva JP. Modulation of effective connectivity 
inside the working memory network in patients at the earliest stage of multiple sclerosis. 
Neuroimage. 2005 Jan 15;24(2):533-8.  
 
Bammer R, Augustin M, Strasser-Fuchs S, Seifert T, Kapeller P, Stollberger R, Ebner F, 
Hartung HP, Fazekas F. Magnetic resonance diffusion tensor imaging for characterizing 
diffuse and focal white matter abnormalities in multiple sclerosis. Magn Reson Med. 2000 
Oct;44(4):583-91. 
 
Barkhof F. The clinico-radiological paradox in multiple sclerosis revisited. Curr Opin 
Neurol. 2002 Jun;15(3):239-45. 
90 
Blakesley RE, Mazumdar S, Dew MA, Houck PR, Tang G, Reynolds CF 3rd, Butters MA. 
Comparisons of methods for multiple hypothesis testing in neuropsychological research. 
Neuropsychology. 2009 Mar;23(2):255-64. 
 
Bobholz JA, Rao SM, Lobeck L, Elsinger C, Gleason A, Kanz J, Durgerian S, Maas E. 
fMRI study of episodic memory in relapsing-remitting MS: correlation with T2 lesion 
volume. Neurology. 2006 Nov 14;67(9):1640-5. 
 
Botvinick M, Nystrom LE, Fissell K, Carter CS, Cohen JD. Conflict monitoring versus 
selection-for-action in anterior cingulate cortex. Nature. 1999 Nov 11;402(6758):179-81. 
 
Botvinick MM, Braver TS, Barch DM, Carter CS, Cohen JD. Conflict monitoring and 
cognitive control. Psychol Rev. 2001 Jul;108(3):624-52. 
 
Cader S, Cifelli A, Abu-Omar Y, Palace J, Matthews PM. Reduced brain functional reserve 
and altered functional connectivity in patients with multiple sclerosis. Brain. 2006 Feb;129 
(Pt 2):527-37. 
 
Carter CS, van Veen V. Anterior cingulate cortex and conflict detection: an update of theory 
and data. Cogn Affect Behav Neurosci. 2007 Dec;7(4):367-79. 
 
Catani M, Jones DK, Donato R, Ffytche DH. Occipito-temporal connections in the human 
brain. Brain. 2003 Sep;126(Pt 9):2093-107.  
91 
Ceccarelli A, Rocca MA, Pagani E, Ghezzi A, Capra R, Falini A, Scotti G, Comi G, Filippi 
M. The topographical distribution of tissue injury in benign MS: a 3T  multiparametric MRI 
study. Neuroimage. 2008 Feb 15;39(4):1499-509. 
 
Cercignani M, Inglese M, Pagani E, Comi G, Filippi M. Mean diffusivity and fractional 
anisotropy histograms of patients with multiple sclerosis. AJNR Am J Neuroradiol. 2001 
May;22(5):952-8. 
 
Chiaravalloti ND, DeLuca J. Cognitive impairment in multiple sclerosis. Lancet Neurol. 
2008 Dec;7(12):1139-51. 
 
Ciccarelli O, Werring DJ, Wheeler-Kingshott CA, Barker GJ, Parker GJ, Thompson AJ, 
Miller DH. Investigation of MS normal-appearing brain using diffusion tensor MRI with 
clinical correlations. Neurology. 2001 Apr 10;56(7):926-33. 
 
Collins, L., Holmes, C., Peters, T., Evans, A., 1995. Automatic 3-D model-based 
neuroanatomical segmentation. Human Brain Mapping 3, 190–208. 
 
Cutter GR, Baier ML, Rudick RA, Cookfair DL, Fischer JS, Petkau J, Syndulko K, 
Weinshenker BG, Antel JP, Confavreux C, Ellison GW, Lublin F, Miller AE, Rao SM, 
Reingold S, Thompson A, Willoughby E. Development of a multiple sclerosis functional 
composite as a clinical trial outcome measure. Brain. 1999 May;122 (Pt 5):871-82. 
 
92 
David O, Guillemain I, Saillet S, Reyt S, Deransart C, Segebarth C, Depaulis A. Identifying 
neural drivers with functional MRI: an electrophysiological validation. PLoS Biol. 2008 Dec 
23;6(12):2683-97. 
 
DeLuca J, Chelune GJ, Tulsky DS, Lengenfelder J, Chiaravalloti ND. Is speed of processing 
or working memory the primary information processing deficit in multiple sclerosis? J Clin 
Exp Neuropsychol. 2004 Jun;26(4):550-62. 
 
Dineen RA, Vilisaar J, Hlinka J, Bradshaw CM, Morgan PS, Constantinescu CS, Auer DP. 
Disconnection as a mechanism for cognitive dysfunction in multiple sclerosis. Brain. 2009 
Jan;132(Pt 1):239-49. 
 
D'Esposito M, Postle BR, Ballard D, Lease J. Maintenance versus manipulation of 
information held in working memory: an event-related fMRI study. Brain Cogn. 1999 
Oct;41(1):66-86. 
 
Drobyshevsky A, Baumann SB, Schneider W. A rapid fMRI task battery for mapping of 
visual, motor, cognitive, and emotional function. Neuroimage. 2006 Jun;31(2):732-44.  
 
Egner T, Hirsch J. Cognitive control mechanisms resolve conflict through cortical 
amplification of task-relevant information. Nat Neurosci. 2005 Dec;8(12):1784-90. 
 
93 
Filippi M, Cercignani M, Inglese M, Horsfield MA, Comi G. Diffusion tensor magnetic 
resonance imaging in multiple sclerosis. Neurology. 2001 Feb 13;56(3):304-11. 
 
Fitzgerald PB, Srithiran A, Benitez J, Daskalakis ZZ, Oxley TJ, Kulkarni J, Egan GF. An 
fMRI study of prefrontal brain activation during multiple tasks in patients with major 
depressive disorder. Hum Brain Mapp. 2008 Apr;29(4):490-501. 
 
Forn C, Barros-Loscertales A, Escudero J, Belloch V, Campos S, Parcet MA, Avila C. 
Cortical reorganization during PASAT task in MS patients with preserved working memory 
functions. Neuroimage. 2006 Jun;31(2):686-91. 
 
Friston KJ, Holmes A, Poline JB, Price CJ, Frith CD. Detecting activations in PET and 
fMRI: levels of inference and power. Neuroimage. 1996 Dec;4(3 Pt1):223-35. 
 
Friston KJ, Harrison L, Penny W. Dynamic causal modelling. Neuroimage. 2003 
Aug;19(4):1273-302. 
 
Friston K. Causal modelling and brain connectivity in functional magnetic resonance 
imaging. PLoS Biol. 2009a Feb 17;7(2):e33. 
 
Friston KJ. Modalities, modes, and models in functional neuroimaging. Science. 2009b Oct 
16;326(5951):399-403. 
 
94 
Fox RJ. Picturing multiple sclerosis: conventional and diffusion tensor imaging. Semin 
Neurol. 2008 Sep;28(4):453-66. 
 
Giorgio A, Portaccio E, Stromillo ML, Marino S, Zipoli V, Battaglini M, Blandino A, 
Bartolozzi ML, Siracusa G, Amato MP, De Stefano N. Cortical functional reorganization 
and its relationship with brain structural damage in patients with benign multiple sclerosis. 
Mult Scler. 2010 Nov;16(11):1326-34. 
 
Goebel R, Roebroeck A, Kim DS, Formisano E. Investigating directed cortical interactions 
in time-resolved fMRI data using vector autoregressive modeling and Granger causality 
mapping. Magn Reson Imaging. 2003 Dec;21(10):1251-61.  
 
Hasan KM, Gupta RK, Santos RM, Wolinsky JS, Narayana PA. Diffusion tensor fractional 
anisotropy of the normal-appearing seven segments of the corpus callosum in healthy adults 
and relapsing-remitting multiple sclerosis patients. J Magn Reson Imaging. 2005 
Jun;21(6):735-43. 
 
Hasan KM, Narayana PA. Retrospective measurement of the diffusion tensor eigenvalues 
from diffusion anisotropy and mean diffusivity in DTI. Magn Reson Med. 2006 
Jul;56(1):130-7. 
 
Hasan KM, Kamali A, Abid H, Kramer LA, Fletcher JM, Ewing-Cobbs L. Quantification of 
the spatiotemporal microstructural organization of the human brain association, projection 
95 
and commissural pathways across the lifespan using diffusion tensor tractography. Brain 
Struct Funct. 2010 May;214(4):361-73. 
 
Hecke WV, Nagels G, Leemans A, Vandervliet E, Sijbers J, Parizel PM. Correlation of 
cognitive dysfunction and diffusion tensor MRI measures in patients with mild and 
moderate multiple sclerosis. J Magn Reson Imaging. 2010 Jun;31(6):1492-8. 
 
Herrera JJ, Chacko T, Narayana PA. Histological correlation of diffusion tensor imaging 
metrics in experimental spinal cord injury. J Neurosci Res. 2008 Feb 1;86(2):443-7. 
 
Herndon RM. Handbook of neurologic rating scales. New York: Demos Vermande, 1997. 
 
Hillary FG, Chiaravalloti ND, Ricker JH, Steffener J, Bly BM, Lange G, Liu WC, Kalnin 
AJ, DeLuca J. An investigation of working memory rehearsal in multiple sclerosis using 
fMRI. J Clin Exp Neuropsychol. 2003 Oct;25(7):965-78. 
 
Hillary FG, Genova HM, Chiaravalloti ND, Rypma B, DeLuca J. Prefrontal modulation of 
working memory performance in brain injury and disease. Hum Brain Mapp. 2006 
Nov;27(11):837-47.  
 
Hillary FG. Neuroimaging of working memory dysfunction and the dilemma with brain 
reorganization hypotheses. J Int Neuropsychol Soc. 2008 Jul;14(4):526-34.  
 
96 
Kern KC, Sarcona J, Montag M, Giesser BS, Sicotte NL. Corpus callosal diffusivity predicts 
motor impairment in relapsing-remitting multiple sclerosis: a TBSS and tractography study. 
Neuroimage. 2011 Apr 1;55(3):1169-77. 
 
Kerns JG, Cohen JD, MacDonald AW 3rd, Cho RY, Stenger VA, Carter CS. Anterior 
cingulate conflict monitoring and adjustments in control. Science. 2004 Feb 
13;303(5660):1023-6. 
 
Klawiter EC, Schmidt RE, Trinkaus K, Liang HF, Budde MD, Naismith RT, Song SK, 
Cross AH, Benzinger TL. Radial diffusivity predicts demyelination in ex vivo multiple 
sclerosis spinal cords. Neuroimage. 2011 Apr 15;55(4):1454-60.  
 
Koch G, Rossi S, Prosperetti C, Codecà C, Monteleone F, Petrosini L, Bernardi G, Centonze 
D. Improvement of hand dexterity following motor cortex rTMS in multiple sclerosis 
patients with cerebellar impairment. Mult Scler. 2008 Aug;14(7):995-8. 
 
Kremenchutzky M, Rice GP, Baskerville J, Wingerchuk DM, Ebers GC. The natural history 
of multiple sclerosis: a geographically based study 9: observations on the progressive phase 
of the disease. Brain. 2006 Mar;129(Pt 3):584-94. 
 
Landis JR, Koch GG. The measurement of observer agreement for categorical data. 
Biometrics. 1977 Mar;33(1):159-74. 
 
97 
Le Bihan D. Looking into the functional architecture of the brain with diffusion MRI. Nat 
Rev Neurosci. 2003 Jun;4(6):469-80. 
 
Li DK, Li MG-J, Traboulsee A, Zhao G, Riddehough A, Paty D. The use of MRI as an 
outcome measure in clinical trials. Adv Neurol 2006;98:203-26.  
 
Loubinoux I, Carel C, Alary F, Boulanouar K, Viallard G, Manelfe C, Rascol O, Celsis P, 
Chollet F. Within-session and between-session reproducibility of cerebral sensorimotor 
activation: a test--retest effect evidenced with functional magnetic resonance imaging. J 
Cereb Blood Flow Metab. 2001 May;21(5):592-607. 
 
Lublin FD, Reingold SC. Defining the clinical course of multiple sclerosis: results of an 
international survey. Neurology 1996;46: 907-11. 
 
McDonald WI, Compston A, Edan G, et al. Recommended diagnostic criteria for multiple 
sclerosis: Guidelines from the International Panel on the Diagnosis of Multiple Sclerosis. 
Ann Neurol 2001;50:121-127.  
 
Makris N, Kennedy DN, McInerney S, Sorensen AG, Wang R, Caviness VS Jr, Pandya DN. 
Segmentation of subcomponents within the superior longitudinal fascicle in humans: a 
quantitative, in vivo, DT-MRI study. Cereb Cortex. 2005 Jun;15(6):854-69. 
 
98 
Mori S, Kaufmann WE, Davatzikos C, et al. Imaging cortical association tracts in the human 
brain using diffusion tensor-based axonal tracking. Magn Reson Med 2002;47:215-223. 
 
Mori S, Oishi K, Jiang H, Jiang L, Li X, Akhter K, Hua K, Faria AV, Mahmood A, Woods 
R, Toga AW, Pike GB, Neto PR, Evans A, Zhang J, Huang H, Miller MI, van Zijl P, 
Mazziotta J. Stereotaxic white matter atlas based on diffusion tensor imaging in an ICBM 
template. Neuroimage. 2008 Apr 1;40(2):570-82. 
 
Mainero C, Caramia F, Pozzilli C, Pisani A, Pestalozza I, Borriello G et al. fMRI evidence 
of brain reorganization during attention and memory tasks in multiple sclerosis. Neuroimage 
2004; 21: 858–867. 
 
Mansouri FA, Tanaka K, Buckley MJ. Conflict-induced behavioural adjustment: a clue to 
the executive functions of the prefrontal cortex. Nat Rev Neurosci. 2009 Feb;10(2):141-52.  
 
Mazziotta J, Toga A, Evans A, Fox P, Lancaster J, Zilles K, Woods R, Paus T, Simpson G, 
Pike B, Holmes C, Collins L, Thompson P, MacDonald D, Iacoboni M, Schormann T, 
Amunts K, Palomero-Gallagher N, Geyer S, Parsons L, Narr K, Kabani N, Le Goualher G, 
Boomsma D, Cannon T, Kawashima R, Mazoyer B. A probabilistic atlas and reference 
system for the human brain: International Consortium for Brain Mapping (ICBM). Philos 
Trans R Soc Lond B Biol Sci. 2001 Aug 29;356(1412):1293-322. 
 
99 
McAllister TW, Saykin AJ, Flashman LA, Sparling MB, Johnson SC, Guerin SJ, 
Mamourian AC, Weaver JB, Yanofsky N. Brain activation during working memory 1 month 
after mild traumatic brain injury: a functional MRI study. Neurology. 1999 Oct 
12;53(6):1300-8. 
 
Meyn H, Kraemer M, de Greiff A, Diehl RR. Activation of working memory in patients at 
the earliest stage of multiple sclerosis--an fMRI study. Clin Neurol Neurosurg. 2010 
Jul;112(6):490-5. 
 
Miller EK, Cohen JD. An integrative theory of prefrontal cortex function. Annu Rev 
Neurosci. 2001;24:167-202. 
 
Morishima Y, Okuda J, Sakai K. Reactive mechanism of cognitive control system. Cereb 
Cortex. 2010 Nov;20(11):2675-83. 
 
Mostofsky SH, Schafer JG, Abrams MT, Goldberg MC, Flower AA, Boyce A, Courtney 
SM, Calhoun VD, Kraut MA, Denckla MB, Pekar JJ. fMRI evidence that the neural basis of 
response inhibition is task-dependent. Brain Res Cogn Brain Res. 2003 Jul;17(2):419-30. 
 
Narayana PA, Ahobila-Vajjula P, Ramu J, Herrera J, Steinberg JL, Moeller FG. Diffusion 
tensor imaging of cocaine-treated rodents. Psychiatry Res. 2009 Mar 31;171(3):242-51. 
 
100 
Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. 
Neuropsychologia. 1971 Mar;9(1):97-113. 
 
Owen AM, McMillan KM, Laird AR, Bullmore E. N-back working memory paradigm: a  
meta-analysis of normative functional neuroimaging studies. Hum Brain Mapp. 2005 
May;25(1):46-59. 
 
Padberg F, George MS. Repetitive transcranial magnetic stimulation of the prefrontal cortex 
in depression. Exp Neurol. 2009 Sep;219(1):2-13.  
 
Pagani E, Filippi M, Rocca MA, Horsfield MA. A method for obtaining tract-specific 
diffusion tensor MRI measurements in the presence of disease: application to patients with 
clinically isolated syndromes suggestive of multiple sclerosis. Neuroimage. 2005 May 
15;26(1):258-65. 
 
Pantano P, Iannetti GD, Caramia F, Mainero C, Di Legge S, Bozzao L, Pozzilli C, Lenzi 
GL. Cortical motor reorganization after a single clinical attack of multiple sclerosis. Brain. 
2002a Jul;125(Pt 7):1607-15. 
 
Pantano P, Mainero C, Iannetti GD, Caramia F, Di Legge S, Piattella MC, Pozzilli C, 
Bozzao L, Lenzi GL. Contribution of corticospinal tract damage to cortical motor 
reorganization after a single clinical attack of multiple sclerosis. Neuroimage. 2002b 
Dec;17(4):1837-43. 
101 
Pantano P, Mainero C, Caramia F. Functional brain reorganization in multiple sclerosis: 
evidence from fMRI studies. J Neuroimaging. 2006 Apr;16(2):104-14. 
 
Pelletier J, Audoin B, Reuter F, Ranjeva J. Plasticity in MS: from Functional Imaging to 
Rehabilitation. Int MS J. 2009 Apr;16(1):26-31.  
 
Penner IK, Rausch M, Kappos L, Opwis K, Radü EW. Analysis of impairment related 
functional architecture in MS patients during performance of different attention tasks. J 
Neurol. 2003 Apr;250(4):461-72. 
 
Penny WD, Stephan KE, Daunizeau J, Rosa MJ, Friston KJ, Schofield TM, Leff AP. 
Comparing families of dynamic causal models. PLoS Comput Biol. 2010 Mar 
12;6(3):e1000709. 
 
Perlstein WM, Cole MA, Demery JA, Seignourel PJ, Dixit NK, Larson MJ, Briggs RW. 
Parametric manipulation of working memory load in traumatic brain injury: behavioral and 
neural correlates. J Int Neuropsychol Soc. 2004 Sep;10(5):724-41. 
 
Petrides M. The role of the mid-dorsolateral prefrontal cortex in working memory. Exp 
Brain Res. 2000 Jul;133(1):44-54. 
 
Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, Fujihara K, 
Havrdova E, Hutchinson M, Kappos L, Lublin FD, Montalban X, O'Connor P, Sandberg-
102 
Wollheim M, Thompson AJ, Waubant E, Weinshenker B, Wolinsky JS. Diagnostic criteria 
for multiple sclerosis: 2010 revisions to the McDonald criteria. Ann Neurol. 2011 
Feb;69(2):292-302.  
 
Reddy H, Narayanan S, Matthews PM, Hoge RD, Pike GB, Duquette P, Antel J, Arnold DL. 
Relating axonal injury to functional recovery in MS. Neurology. 2000a Jan 11;54(1):236-9. 
 
Reddy H, Narayanan S, Arnoutelis R, Jenkinson M, Antel J, Matthews PM, Arnold DL. 
Evidence for adaptive functional changes in the cerebral cortex with axonal injury from 
multiple sclerosis. Brain. 2000b Nov;123 ( Pt 11):2314-20. 
 
Reddy H, Narayanan S, Woolrich M, Mitsumori T, Lapierre Y, Arnold DL, Matthews PM. 
Functional brain reorganization for hand movement in patients with multiple sclerosis: 
defining distinct effects of injury and disability. Brain. 2002 Dec;125(Pt 12):2646-57. 
Ramsaransing G, Maurits N, Zwanikken C, De Keyser J. Early prediction of a benign course 
of multiple sclerosis on clinical grounds: a systematic review. Mult Scler. 2001 
Oct;7(5):345-7. 
 
Rico A, Zaaraoui W, Franques J, Attarian S, Reuter F, Malikova I, Confort-Gouny S, 
Soulier E, Pouget J, Cozzone PJ, Pelletier J, Ranjeva JP, Audoin B. Motor cortical 
reorganization is present after a single attack of multiple sclerosis devoid of cortico-spinal 
dysfunction. MAGMA. 2011 Apr;24(2):77-84. 
 
103 
Ridding MC, Rothwell JC. Is there a future for therapeutic use of transcranial magnetic 
stimulation? Nat Rev Neurosci. 2007 Jul;8(7):559-67. 
 
Rocca MA, Falini A, Colombo B, Scotti G, Comi G, Filippi M. Adaptive functional changes 
in the cerebral cortex of patients with nondisabling multiple sclerosis correlate with the 
extent of brain structural damage. Ann Neurol. 2002a Mar;51(3):330-9. 
 
Rocca MA, Matthews PM, Caputo D, Ghezzi A, Falini A, Scotti G, Comi G, Filippi M. 
Evidence for widespread movement-associated functional MRI changes in patients with 
PPMS. Neurology. 2002b Mar 26;58(6):866-72. 
 
Rocca MA, Gavazzi C, Mezzapesa DM, Falini A, Colombo B, Mascalchi M, Scotti G, Comi 
G, Filippi M. A functional magnetic resonance imaging study of patients with secondary 
progressive multiple sclerosis. Neuroimage. 2003 Aug;19(4):1770-7.  
Rocca MA, Colombo B, Falini A, Ghezzi A, Martinelli V, Scotti G, Comi G, Filippi M. 
Cortical adaptation in patients with MS: a cross-sectional functional MRI study of disease 
phenotypes. Lancet Neurol. 2005 Oct;4(10):618-26. 
 
Rocca MA, Pagani E, Absinta M, Valsasina P, Falini A, Scotti G, Comi G, Filippi M. 
Altered functional and structural connectivities in patients with MS: a 3-T study. Neurology. 
2007 Dec 4;69(23):2136-45. 
 
104 
Rocca MA, Valsasina P, Ceccarelli A, Absinta M, Ghezzi A, Riccitelli G, Pagani E, Falini 
A, Comi G, Scotti G, Filippi M. Structural and functional MRI correlates of Stroop control 
in benign MS. Hum Brain Mapp. 2009 Jan;30(1):276-90. 
 
Roelofs A, van Turennout M, Coles MG. Anterior cingulate cortex activity can be 
independent of response conflict in Stroop-like tasks. Proc Natl Acad Sci U S A. 2006 Sep 
12;103(37):13884-9. 
  
Rombouts SA, Lazeron RH, Scheltens P, Uitdehaag BM, Sprenger M, Valk J, Barkhof F. 
Visual activation patterns in patients with optic neuritis: an fMRI pilot study. Neurology. 
1998 Jun;50(6):1896-9. 
 
Roosendaal SD, Geurts JJ, Vrenken H, Hulst HE, Cover KS, Castelijns JA, Pouwels PJ, 
Barkhof F. Regional DTI differences in multiple sclerosis patients. Neuroimage. 2009 Feb 
15;44(4):1397-403. 
 
Rowe JB. Connectivity Analysis is Essential to Understand Neurological Disorders. Front 
Syst Neurosci. 2010 Sep 17;4. 
 
Rueckert D, Sonoda LI, Hayes C, Hill DL, Leach MO, Hawkes DJ. Nonrigid registration 
using free-form deformations: application to breast MR images. IEEE Trans Med Imaging. 
1999 Aug;18(8):712-21. 
 
105 
Rypma B, Berger JS, D'Esposito M. The influence of working-memory demand and 
subject performance on prefrontal cortical activity. J Cogn Neurosci. 2002 Jul 1;14(5):721-
31. 
 
Rypma B, D'Esposito M. The roles of prefrontal brain regions in components of  working 
memory: effects of memory load and individual differences. Proc Natl Acad Sci U S A. 
1999 May 25;96(11):6558-63. 
 
Schmahmann JD, Pandya DN, Wang R, Dai G, D'Arceuil HE, de Crespigny AJ, Wedeen 
VJ. Association fibre pathways of the brain: parallel observations from diffusion spectrum 
imaging and autoradiography. Brain. 2007 Mar;130(Pt 3):630-53. 
 
Schmierer K, Wheeler-Kingshott CA, Boulby PA, Scaravilli F, Altmann DR, Barker GJ, 
Tofts PS, Miller DH. Diffusion tensor imaging of post mortem multiple sclerosis brain. 
Neuroimage. 2007 Apr 1;35(2):467-77. 
 
Schoonheim MM, Geurts JJ, Barkhof F. The limits of functional reorganization in multiple 
sclerosis. Neurology. 2010 Apr 20;74(16):1246-7.  
 
Schneider W, Noll DC, Cohen JD. Functional topographic mapping of the cortical ribbon in 
human vision with conventional MRI scanners. Nature. 1993 Sep 9;365(6442):150-3. 
 
106 
Smith SM. Fast robust automated brain extraction. Hum Brain Mapp. 2002 Nov;17(3):143-
55. 
 
Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, Johansen-Berg H, 
Bannister PR, De Luca M, Drobnjak I, Flitney DE, Niazy RK, Saunders J, Vickers J, Zhang 
Y, De Stefano N, Brady JM, Matthews PM. Advances in functional and structural MR 
image analysis and implementation as FSL. Neuroimage. 2004;23 Suppl 1:S208-19. 
 
Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay CE, Watkins 
KE, Ciccarelli O, Cader MZ, Matthews PM, Behrens TE. Tract-based spatial statistics: 
voxelwise analysis of multi-subject diffusion data. Neuroimage. 2006 Jul 15;31(4):1487-
505. 
 
Smith SM, Nichols TE. Threshold-free cluster enhancement: addressing problems of 
smoothing, threshold dependence and localisation in cluster inference. Neuroimage. 2009 
Jan 1;44(1):83-98. 
 
Song SK, Yoshino J, Le TQ, Lin SJ, Sun SW, Cross AH, Armstrong RC. Demyelination 
increases radial diffusivity in corpus callosum of mouse brain. Neuroimage. 2005 May 
15;26(1):132-40. 
 
Staffen W, Mair A, Zauner H, Unterrainer J, Niederhofer H, Kutzelnigg A, Ritter S, 
Golaszewski S, Iglseder B, Ladurner G. Cognitive function and fMRI in patients with 
107 
multiple sclerosis: evidence for compensatory cortical activation during an attention task. 
Brain. 2002 Jun;125(Pt 6):1275-82. 
 
Stephan, K.E., Penny, W.D., Moran, R.J., den Ouden, H.E., Daunizeau, J., Friston, K.J., 
2010.Ten simple rules for dynamic causal modeling. Neuroimage. 49, 3099-109. 
 
Stephan, K.E., Penny, W.D., Daunizeau, J., Moran, R.J., Friston, K.J., 2009. Bayesian  
Model selection for group studies. Neuroimage. 46, 1004-17. 
 
Strasser-Fuchs S, Enzinger C, Ropele S, Wallner M, Fazekas F. Clinically benign multiple 
sclerosis despite large T2 lesion load: can we explain this paradox? Mult Scler. 2008 
Mar;14(2):205-11. 
 
Sweet LH, Rao SM, Primeau M, Durgerian S, Cohen RA. Functional magnetic resonance 
imaging response to increased verbal working memory demands among patients with 
multiple sclerosis. Hum Brain Mapp. 2006 Jan;27(1):28-36. 
 
Sweet LH, Rao SM, Primeau M, Mayer AR, Cohen RA. Functional magnetic resonance 
imaging of working memory among multiple sclerosis patients. J Neuroimaging. 2004 
Apr;14(2):150-7. 
 
Tanji J, Hoshi E. Role of the lateral prefrontal cortex in executive behavioral control. 
Physiol Rev. 2008 Jan;88(1):37-57. 
108 
Todd JJ, Marois R. Capacity limit of visual short-term memory in human posterior parietal 
cortex. Nature. 2004 Apr 15;428(6984):751-4. 
 
Vogel EK, Machizawa MG. Neural activity predicts individual differences in visual working 
memory capacity. Nature. 2004 Apr 15;428(6984):748-51. 
 
Wakana S, Caprihan A, Panzenboeck MM, Fallon JH, Perry M, Gollub RL, Hua K, Zhang J, 
Jiang H, Dubey P, Blitz A, van Zijl P, Mori S. Reproducibility of quantitative tractography 
methods applied to cerebral white matter. Neuroimage. 2007 Jul 1;36(3):630-44. 
 
Werring DJ, Bullmore ET, Toosy AT, Miller DH, Barker GJ, MacManus DG, Brammer MJ, 
Giampietro VP, Brusa A, Brex PA, Moseley IF, Plant GT, McDonald WI, Thompson AJ. 
Recovery from optic neuritis is associated with a change in the distribution of cerebral 
response to visual stimulation: a functional magnetic resonance imaging study. J Neurol 
Neurosurg Psychiatry. 2000 Apr;68(4):441-9. 
 
Wilson M, Tench CR, Morgan PS, Blumhardt LD. Pyramidal tract mapping by diffusion 
tensor magnetic resonance imaging in multiple sclerosis: improving correlations with 
disability. J Neurol Neurosurg Psychiatry. 2003 Feb;74(2):203-7. 
 
Wingerchuck DM, Luchnetti CF, Noseworthy JH. Multiple Sclerosis: Current 
Pathophysiological Concepts. Lab Invest 2001;81:263-281 
 
109 
Wishart HA, Saykin AJ, McDonald BC, Mamourian AC, Flashman LA, Schuschu KR, 
Ryan KA, Fadul CE, Kasper LH. Brain activation patterns associated with working memory 
in relapsing-remitting MS. Neurology. 2004 Jan 27;62(2):234-8. 
 
Wozniak JR, Lim KO. Advances in white matter imaging: a review of in vivo magnetic 
resonance methodologies and their applicability to the study of development and aging. 
Neurosci Biobehav Rev. 2006;30(6):762-74. 
 
Xu J, Sun SW, Naismith RT, Snyder AZ, Cross AH, Song SK. Assessing optic nerve 
pathology with diffusion MRI: from mouse to human. NMR Biomed. 2008 21(9):928-40. 
 
Xu Y, Chun MM. Dissociable neural mechanisms supporting visual short-term memory for 
objects. Nature. 2006 Mar 2;440(7080):91-5. 
 
Yousry TA, Schmid UD, Alkadhi H, Schmidt D, Peraud A, Buettner A, Winkler P. 
Localization of the motor hand area to a knob on the precentral gyrus. A new landmark. 
Brain. 1997 Jan;120 ( Pt 1):141-57. 
 
 
 
 
110 
VITA 
 
René Alfonso Colorado, the son of René Guillermo Colorado Biollo and Delmy Amada 
Manzur de Colorado, was born in Houston, Texas on July 26, 1981. After graduating from 
Colegio Champagnat in San Tecla, El Salvador, he entered the University of Texas at Austin 
where he received the degree of Bachelors of Science in Psychology Cum Laude in 2004. 
He worked for the next year as a research assistant in the Department of Psychology and 
Institute for Neuroscience at the University of Texas at Austin. In May 2005, he entered the 
M.D./Ph.D. Program of the University of Texas Medical School at Houston and The 
University of Texas M.D. Anderson Cancer Center. After completing 3 years of Medical 
School training, he began his Ph.D. studies at The University of Texas Graduate School of 
Biomedical Sciences at Houston under the supervision of Ponnada A. Narayana, Ph.D. in the 
Department of Diagnostic and Interventional Imaging.   
 
Permanent address: 
2510 Swift  
Houston, TX 77030 
 
Permanent e-mail: 
renecolorado@hotmail.com 
 
 
 
 
